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Abstract
A radical cation is a molecules that have one unpaired electron that holds a positive charge.
The unpaired electron within a radical cation causes the molecule to be reactive. The high
reactivity of these species allows for radical cations to be commonly studied experimentally
using mass spectrometry and other multi-mass imaging techniques. However, these methods
often cannot resolve the reaction mechanisms for these fast reactions. Specifically, radical
cation rearrangement mechanisms are particularly unresolved within experiments. For this
reason, radical cation rearrangements are computationally investigated to explain complex
reaction pathways for processes to understand reactions leading to the initiation of detonation
in organic explosives and DNA radiation damage.
Rearrangement and fragmentation of nitroaromatic energetic molecules have been subject to extensive theoretical investigation to gain insight into the fragmentation pathways of
the military explosive 2,4,6- trinitrotoluene (TNT). However, the decomposition mechanism
of TNT is quite expensive to model outright. Therefore, smaller, more simplified models of
TNT such as nitrotoluenes are studied. In the o-nitrotoluene cation, detonation is simulated
with the direct cleavage of the C-NO2 bond. Interestingly, dissociation also occurs as the
methyl group can undergo cleavage of the C-H bond creating a hydrogen transfer (HT) from
the methyl to the nitro group. When investigated with DFT and pump-probe measurements
with mass spectrometric detection, the H atom attack formed the aci-nitro tautomer as soon
as 20−60 fs after ionization. Once formed, the aci-nitro tautomer spontaneously loses -OH
to form C7 H6 NO+ through proposed singlet and triplet pathways. Subsequent fragmentation
pathways leading to the formation of dissociation products C7 H6 NO, C7 H7 , and C6 H6 N were
also calculated 1 .
As compared to o-nitrotoluene, m- and p-nitrotoluene dissociate similarly as they undergo a nitro-nitrite rearrangement to create nitrite groups on the ring, rather than nitro
groups 2 . This nitro-nitrite rearrangement (NNR) was studied in nitromethane, the smallest
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organic-nitro compound. Using pump-probe femtosecond laser photoionization mass spectroscopy, coupled-cluster theory, and ab initio molecular dynamics, the nitromethane cation
(NM+ ) fragments into CH3+ , NO2+ , and NO+ . From theoretical analysis, NO2+ and CH3+
were formed through direct cleavage of the C-N bond, whereas NO+ forms spontaneously
upon NNR of the NM+ cation. Direct ionization into the electronically excited D1 or D2
states by the pump pulse provides sufficient excess energy to initiate the NNR pathway. With
excess energy stored in the NNR transition state, molecular dynamics simulations indicated
that NNR requires 660 ± 230 fs and was typically followed by rapid NO+ loss 100-200 fs
later. Experimentally, the fragmentation pathways to NO+ and CH3+ were in competition,
with associated decay timescale of ∼ 480 ± 200 fs which is similar to the computed NNR
timescale of ∼ 435 ± 209 fs with added excess energy. This result suggests that CH3+ is
formed by further excitation of the NM+ initially ionized into the D1 or D2 states before it
undergoes NNR. Finally, the dissociation to NO2+ from NM+ was assigned to a D0 → D2
transition.
As with TNT, the DNA backbone is quite expensive to computationally investigate outright. Therefore, smaller organic phosphates and phosphonates, such as DMMP, DIMP,
DEMP, and TMP, were computationally studied to understand radiation-induced damage
along the DNA backbone. Radiation damage occurs when one-electron oxidation of the phosphate forms sugar radicals and induces lesions, thus contributing to single and double-strand
breaks along the backbone. From preliminary computational investigations, coupled with
experimental data using pump-probe techniques, there are different fragmentation pathways
between DMMP, DIMP, and DEMP 3 . Experimentally, hydrogen atom shifts were observed
for all atoms. This mechanism could be the mechanism for which experimentally observed
sugar radicals are formed.
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Chapter 1

Introduction
1.1

Background and Motivation

As an important intermediate, radical cations are molecules that have one unpaired electron that hold a positive charge. The unpaired electron within a radical cation causes the
molecule to be both reactive with other species and within itself. These intermolecular reactions can cause radical cations to fragment into other neutral molecules, cations, radicals,
and other radical cations. The high reactivity of these species allows for radical cations to be
commonly studied experimentally using electron-spin resonance, 7 mass spectrometry, 8,9 and
other multi-mass imaging techniques. 2,8,10–13 Specifically through transient absorption spectroscopy, these species’ dissociation dynamics, fragments, and associated relative timescales
of ion absorption can be determined for applications to reaction mechanisms. 1,2,14–21 While
these methods are insightful, mass spectrometry experiments produce masses of molecules
and fragments but not chemical structures. Similarly, mass spectrometry detects timescales
microseconds after the radical cation is formed. Aside from reactant and product, much of
the mechanistic insight into the rearrangements of radical cations are lost experimentally. For
this reason, quantum chemical computational methods are used to study and resolve mechanisms within many radical cation reactions. 2,8,22–24

1.1.1

Applications of the study of Radical Cations

Radical cations are studied for a range of applications within photochemistry, electrochemistry, synthetic chemistry, and more. For the purpose of this study, we will evaluate the
study of radical cations through the investigation of intermolecular rearrangements pertinent
to organic energetic materials and organic phosphate and phosphonate molecules.
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Organic Energetic Molecules
TNT is a popular explosive used primarily for its military applications. 25–28 Subsequently,
there are many studies to investigate its dissociation. However, the decomposition mechanism of TNT is computationally expensive to model and study outright. 29 Therefore, smaller,
more simplified models of TNT such as nitrotoluenes are widely studied. 28–30 There is a
long history of studying dissociation reactions of nitrotoluene isomers using mass spectrometry. 12,13,30–38 These studies concluded clear analytical and reactionary differences between the isomers. Particularly, there is a difference between the reaction pathways of onitrotoluene and those of m- and p-nitrotoluene. 9,10,29,37,38
Structurally, when compared to o-nitrotoluene, in m- and p- nitrotoluene, the nitro groups
are in the same plane as the benzene ring. This is different from the 26.6◦ torsion of the nitro
group on the o-nitrotoluene due to steric effects. 38 When excited, the m- and p- nitrotoluene
dissociate similarly as they undergo a nitro-nitrite rearrangement to create nitrite groups on
the ring, rather than nitro groups. From this, the nitrite group loses a NO and thus leaves
a structure with the chemical formula C7 H7 O for both, as seen in Figure 1.1. 37,38 In the onitrotoluene cation, dissociation occurs much differently as the methyl group can undergo
a cleavage of the C-H bond creating a hydrogen transfer (HT) from the methyl to the nitro
group. This HT creates an aci- species, as seen in Figure 1.2. 8,9,29–31,34 Both the HT and
nitro-nitrite rearrangements are vital to the exploration of TNT as a total molecule, and thus,
is important to study computationally.
+

O
N

O

O

H 3C

N

O

+
- NO

+

H 3C

O

H 3C

Figure 1.1: Schematic of NNR rearrangement on nitrotoluene. 1

H

H

H

+

O
N

O

H

H

OH
N

O

+
- OH

H

H
O

+
N

H
- CO

NH

+

Figure 1.2: Schematic of aci-rearrangement within o-nitrotoluene. 1

It should be noted that the nitro-nitrite rearrangement (NNR) can be complex to resolve
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computationally, particularly on nitrotoluenes. With this, nitromethane (NM) being the simplest aliphatic nitro compound, is an inexpensive molecule to model NNR. 21,22,39 The dissociation mechanism of NM has been experimentally and theoretically studied. 39–43 However,
even in its seeming simplicity, many of the findings from one study to another differ. Due
to the complexity of the electronic structure and photochemistry of NM, the discrepancies
found are with the role of the excited states, the involvement of roaming transition states, and
differences in fragmentation pathways. 44 For this reason, resolving these discrepancies is of
the upmost importance to understanding the dissociation of NM. Similarly, understanding the
reaction pathways of nitromethane ions has key importance for its implications in shock initiation of detonation in condensed-phase nitromethane 45,46 and other explosives 47,48 mediated
by generation of cations and anions as well. While dissociation of nitromethane cations has
been widely investigated for decades using mass spectrometry, 49–59 few theoretical results
have been reported. 59–62 Therefore, investigation of the direct mechanism of the NNR and
the relative timescales associated with the subsequent fragmentation must be computed to
gain insight into the full reaction mechanism.

Organic Phosphates and Phosphonates
Similar to the computational studies of NM and nitrotoluenes for the purpose of better understanding explosives, organic phosphates and phosphonates, which make up cellular components of DNA backbone, are studied for the purpose of comprehensively understanding
radiation damage in DNA. Radiation damage in DNA occurs when one-electron oxidation of
the phosphate forms sugar radicals and induces lesions, thus contributing to single and double strand breaks along the backbone. 63 To study the damage, dimethyl methylphosphonate
(DMMP), diethyl methylphosphonate (DEMP), diisopropyl methylphosphonate (DIMP), and
trimethylphosphate (TMP) radical cations and subsequent fragmentations are studied. Similar to that within the nitrotoluenes, for all three species, experimental results have shown
hydrogen transfer products for each of the three species, with DEMP exhibiting special
type of HT rearrangement, McLafferty rearrangement that directly influences the dissociation
pathway. 64,65 The further study into each of the HT rearrangement and coherent vibrational
modes for these species are essential to the comprehensive understanding of the dissociation
of each; however, to date, there are few studies that map out the clear dissociation pathways
of these species.
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Coupled with transient absorption mass spectroscopy methods, quantum mechanical principles can be applied to computationally investigate the dissociation pathways, relative timescales,
and reaction dynamics of the radical cation rearrangements described.

1.2

Quantum Mechanics

Quantum chemistry is a field of theoretical chemistry that uses quantum mechanics to study
properties and reactions of atoms and molecules. With quantum chemical applications steadily
advancing, its uses span an array of problems to be solved. One of the applications of quantum chemistry is the study of reaction mechanisms.
As the basis for all quantum chemical methods, the time-independent Schrödinger equation (SE) depicts a relationship between the energy of the state, E, described by a wavefunction, ψ.

Ĥψ = Eψ

(1.1)

The time-independent SE represents the interactions of multiple electron and molecule
system, for which the hamiltonian operator,

Ĥ = T̂ + V̂

(1.2)

where the kinetic energy operator,
}
h2 ∇2
.
2m

(1.3)

∂2
∂2
∂2
+
+
∂ x 2 ∂ y 2 ∂ z2

(1.4)

T̂ = −

Note that
∇2i =

When written in long form,
2
X X Z e2 X X e2
ħ
h2 X 1 2
ħ
h2 X 2 X X Zα Zβ e
α
Ĥ =
∇α −
∇i +
−
+
2 α mα
2me i
rαβ
riα
r
α α>β
α
i
j i> j i j

(1.5)

where α and β are nuclei, i and j are electrons, ri j , rαi , and rαβ are the radii between
electron i and nucleus α, electrons i and j, and the nuclei α and β . The kinetic energy
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contribution, T̂ , as applied to the nuclei and electron to the sum of the first two terms. The
potential, V̂ , is the sum of the last three terms by which the terms correspond to nuclearnuclear repulsion, nuclear-electron attraction, and electron-electron repulsion.
Due to the coupling of the electron and nuclei motions, for which nuclei move more
slowly than electrons due to mass, the electron and nuclear motion can be separated mathematically using the Born Oppenheimer (BO) approximation. The BO approximation removes
the kinetic energy operators for the nuclei resulting in what is commonly known as the electronic SE. The electronic SE can then be solved separately.

Ĥ el = −

ψ(R, r) = ψel (r; R)ψN (R)

(1.6)

Ĥ el ψel (R, r) = Eel ψel (R, r)

(1.7)

ħ
h2 X 2 X X Zα e2 X X e2
∇i −
+
2me i
riα
r
α
i
j i> j i j

(1.8)

When the SE, including the approximation, is solved, a new potential variable U(R) is
defined as

U(R) = Eel + VN N

(1.9)

for which Eel is the electronic energy and VN N is defined as

VN N =

X X Zα Zβ e 2
α α>β

rαβ

.

(1.10)

The potential energy surface (PES) of the electronic state is built from the correlation between
U(R) and R, for which every electronic state is a wavefunction solution to the electronic SE.

This landscape is a representation of the nuclear coordinates’ electronic energies that provide
a potential surface for which a nuclei could move (example seen in Figure 1.3a).
From the PES, the nuclear SE
Ĥ N ψN (R) = EN ψN (R),

(1.11)
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for which
Ĥ N = T̂ = −

}
h2 X 1 2
∇ + U(R)
2 α mα α

(1.12)

can be solved explicitly.
On the PES, there are critical points, or stationary point solutions, that serve as representations of single optimized structures along a reaction coordinate. When the first derivative of
the energy is zero with respect to each geometric parameter, local minima and saddle points
along the PES are assigned as reactants, intermediates, products, and transition states. When
second order derivatives with respect to geometry are determined and matrixed as a Hessian,
or force matrix, the diagonalization of this matrix determines eigenvectors, that depict the
normal modes of vibration, and eigenvalues, for which vibrational frequencies are depicted.
Local minima are characterized by all positive vibrational frequencies. Whereas, saddle
points, in being a local maxima in one direction, are characterized by one negative imaginary
frequency. With this, we assign reactants, intermediates, and products to optimized geometries corresponding to local minima, and transition states corresponding to saddle points.
Transition states must smoothly connect one minimum to another from the steepest energy
descent from the imaginary vibration. This is a key feature necessary in characterizing complete reaction mechanisms.

Figure 1.3: Sample 3-D potential energy diagram and 2-D cross-section depiction of a reaction mechanism.
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Reaction Mechanisms

Once stationary points are identified and characterized, reaction mechanisms can be constructed. Intrinsic reaction coordinates (IRC) paths from the PES can be determined mathematically as a parametric curve connecting a transition state to two local minima. This
path is the minimum energy path that includes no added kinetic energy. These connections,
creating a smooth path from a transition state to a reactant, intermediate, or product can be
graphically represented as a reaction mechanism, seen in Figure 1.4. Some reaction mechanisms are concerted, or undergo one step from the reactant through the TS to the product, as
seen through TS1 in Figure 1.4a. However, there are cases by which alternative mechanisms
for the same total reaction may arise, an example of this may be found in the mechanism
proposed through TS2. Compared to the concerted mechanism, the step-wise mechanism,
Figure 1.4b, through TS2 includes multiple energy barriers to overcome. In these cases, the
highest point on the energy profile defines the activation energy and the rate determining step.
When comparing the most probable energy profiles of both the concerted and the step-wise
reaction mechanisms, the most plausible mechanism is associated with the lowest activation
energy.

Figure 1.4: Schematic example of energy profiles of the (a) concerted, and
(b) step- wise mechanisms for the reaction of A to B. 24

Similarly, reaction energies, the difference between the product and reactant energy, gives
insight into the spontaneity of the reaction. If the energy profiles are represented by Gibbs relative energies, negative reaction energy correlates with the reaction occurring spontaneously.
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When comparing multiple spontaneous mechanisms leading to different products, the mechanism associated with the lowest reaction energy will shift the equilibrium population in its
favor. While a reaction may be spontaneous, a reaction must have enough energy to overcome energetic barrier to complete a reaction. These principles apply to ground state reaction
energy diagrams.
The ground state energy is the lowest energy solution to the electronic SE. All higher
energy solutions to the electronic SE are excited states. These excited states can participate in
reaction mechanisms through quick electronic transitions and can give further understanding
to stored energy within reaction mechanisms.
As reaction mechanisms are determined mathematically, molecular properties and vibrational energy levels can also be determined through the electronic SE. However, for all
systems with more than one electron, further approximations, beyond the BO approximation, are applied through a range of quantum chemical methods. These methods to include
Hartree-Fock Theory, couple cluster theory, and density functional theory are discussed in
the remainder of this thesis.

9

Chapter 2

Methods
In quantum chemistry, there are two classes of methods to further solve the electronic SE:
wavefunction theory (WFT) and density functional theory (DFT). WFT aims to solve the
electronic SE as accurately as possible. This principle centers on Hartree Fock (HF) theory
and coupled-cluster theory (CC). The second principle, DFT, which is widely more popular
for its practical performance to cost ratio, aims to compute the optimal electron density of
the system. Each method is outlined in the section below.

2.1
2.1.1

WFT Methods
Hartree Fock Theory

Hartree-Fock (HF) theory is an approximation method that attempts to solve the electronic
SE by approximating the electronic wavefunction by an N -electron wavefunction, ψSD , represented by a single Slater determinant.

1
ψS D = p
N!

ψ1 ( r~1 , φ1 )
..
.

···
..
.

ψN ( r~1 , φ1 )
..
.

ψ1 ( r~N , φN ) · · · ψN ( r~N , φN )
〈ψi |ψ j 〉 = δi j

(2.1)

This representation of the molecular system is made up of N occupied orthonormal oneelectron wavefunctions, ψ(~r , φ), or molecular orbitals (MOs) containing spatial, ~r , and spin
φ functions to describe electronic behavior. In general, the spin-orbital is denoted
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ψ(~r , φ) = ϕ α (~r )α(φ) + ϕ β (~r )β(φ),

(2.2)

where the functions α and β correspond to the spin-up and spin-down eigenstates of the
operator associated to the z-component of the one-electron spin such that
1
1
β( ) = 1
α( ) = 0
2
2
1
1
α(− ) = 1 β(− ) = 0.
2
2

(2.3)

Due to the semi-integer spin of an electron, the total wavefunction, ψSD , is antisymmetric
under the exchange of a pair of electrons. This satisfies the Pauli exclusion principle allowing
the particle wavefunction to change sign when a pair of electrons are exchanged.
The goal mathematically is to find a set of spin-orbitals, ψ(~r , φ), for which the determinant is the best possible approximation to the ground state for an N -electron system described
by the electronic hamiltonian, H el . According to the variation principle, the optimal molecular orbitals to minimize 〈ψS D |Ĥ el |ψS D 〉 are found by solving HF equations:

F̂ (i)ψi ( r~i , φi ) = εψi ( r~i , φi ), i = 1...n

(2.4)

where ε is the energy of the MO, ψi , occupied by electron i and F̂ (i) is the Fock operator
that acts only on the electron i .
N
1 2 X ZA
+ vH F .
F̂ (i) = − ∇i −
2
r
iA
A=1

(2.5)

The Fock operator consists of the kinetic energy for the electron (first term), the potential energy of the electron and fixed nuclei (second term), and HF potential (third term).
This HF potential is the electron correlation, Coulomb potential between the electron and all
other electrons and includes an exchange interaction that accounts for behaviors between two
electrons with the same spin, neglecting instantaneous electron-electron interactions. The exchange interaction is a result of the indistinguishability of the electrons.
As the energy expression is symmetric, minimizing the energy per the variation principle
calculates the Slater determinant with the lowest energy as the closest approximation to the
true wavefunction for the assumed functional form of a single Slater determinant. With this,
minimizing the HF energy by calculating the HF potential, for an electron requires solving
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each hamiltonian of a single electron Schrödinger equation for the wavefunctions of the other
MOs. Therefore, these HF equations are nonlinear and must be solved iteratively using selfconsistent field (SCF) procedure.
To perform calculations on Equation (2.4), the spin parts of the MOs must be integrated
out, thus the resulting HF equations only involve the spatial parts of the MOs, ψ(~r ). Restricted HF is when one of the forces of the α and β electrons occupy the same spatial part
for closed-shell species. Unrestricted HF (UHF), which will be used as the basis for the
remainder of the thesis, is formulated when electrons α and β are associated with different
spacial parts for open-shell species.
These methods as solved through SCF procedure may be solved numerically (exact HF)
or in the space spanned by a set of basis functions (HF-Roothan equations). Introducing basis
set functions expands the spatial parts of the MOs, ψ(~r ), as

ψ(~r ) =

K
X

Cµi ϕµ ,

(2.6)

µ=1

the sum from 1 to K , the number of basis sets, for the expansion coefficient, Cµ and the
atomic orbital basis functions, ϕµ . This linear combination of atomic orbitals as applied by
HF-Roothean equation is
F C = SC ε

(2.7)

where F is the Fock matrix, C is the coefficient matrix for the AOs, S is the overlap matrix,
and ε is the energy matrix whose diagonal are the MO energies. This is the basis for which
electron configurations and electron orbital placements are computationally formed.

2.1.2

Coupled Cluster Theory

Taking into account the Aufbau principle, for N electrons, the HF wavefunction (Equation
(2.1)) consists of N lowest spin orbitals. Solving the HF-Roothean Equation (2.7) creates K
spin orbitals from K basis set functions. For all possible combinations, when n-occupied spin
orbitals are replaced with virtual spin orbitals, another set of n-electron slater determinants
which span a given AO basis produces the exact non-relativistic electronic wavefunction
denoted as a the HF determinant and a linear combination of the excited determinants. 66 On
this assertion, coupled-cluster (CC) theory is defined as an excitation term applied to the HF
wavefunction reference determinant,
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|ψC C 〉 = e T |ψH F 〉.

(2.8)

Here, T is an excitation operator acting on the HF wavefunction, for which,

T = T1 + T2 + ... + Tm

(2.9)

for N electrons and consists of all single, T1 to m-tuple, Tm excitations of electrons from
occupied and unoccupied orbitals. This Ti operator generates various excited slater determinants:

T1 ψH F =
T2 ψH F =

occ X
vir
X
a
i
occ
vir
XX

t ia ψai

(2.10)
t iaj bψab
ij

i< j a<b

for singly and doubly excited configurations. The amplitude, t represents two electrons in
the HF occupied MOs i and j becoming excited to virtual MOs a and b. Each configuration,
while similar, has its own amplitude. To determine the amplitudes, the CC wavefunction is
inserted into the SE

Ĥ|ψC C 〉 = Ee T |ψH F 〉.

(2.11)

By subtraction of the HF energy on both sides of the equation, the correlation energy is
determined:

(Ĥ − 〈ψH F |Ĥ|ψH F 〉)e T |ψH F 〉 = (E − EH F )e T |ψH F 〉
T

(2.12)

T

(Ĥ N )e |ψH F 〉 = (Ecor r )e |ψH F 〉
Ĥ N is the normal ordered, or similarity transformed, Hamiltonian including one and two

electron contributions. From this expression, the amplitude is defined as

b... −T
〈ψai j...
|e Ĥ N e T |ψH F 〉 = 0,

(2.13)
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b...
where ψai j...
are all excitation determinants. Similarly, the CC energy of the system is deter-

mined by

E = 〈ψH F |e−T Ĥ N e T |ψH F 〉

(2.14)

Equations (2.13) and (2.14) define CC-theory. If the full cluster operator includes all
possible excited determinants, ψC C becomes equivalent to the full configuration interaction
(FCI) wavefunction and produces coupled-cluster energies that correspond to the FCI result.
The expansion of the exponential term e T can be expanded using the Taylor series expansion
scheme:
∞

eT = 1 + T +

X 1
1 2 1 3
T + T + ... =
Tm
2
6
m!
m

1 2
1
T1 ) + (T3 + T2 T1 + T13 )+
2
6
1 4
1 2 1 2 1
T ) + ...
+ (T4 + T3 T1 + T2 + T2 + T2 T12 +
2
2
2
24 1

(2.15)

e T = 1 + T1 + (T2 +

(2.16)

In equation (2.16), the expansion shows the product terms include higher excitations even in
approximate wavefunctions. Note, the first term produces the HF reference. The second term
generates all singly excited states. The third term, grouped by the set of parentheses, are the
doubly excited states. The fourth term correspond with triply excited states. As the trend
suggests, the fifth term are the quadruply excited states. These states may be considered
connected ( T4 ) or disconnected ( T22 ) corresponding to two interacting and non-interacting
pairs of interacting electrons respectively. 67 The CC wavefunction has to be truncated to
make calculations reasonable for most systems. As a result of the higher-order terms, the
correlation energies are size-consistent. From this, there is a hierarchy of coupled-clustered
approaches characterized by the maximum allowed excitations in the cluster operator, such
that when T = T2 the method is called CCD. When truncated to include the singly excited
term, T = T1 + T2 , the method is called CCSD, and so forth.
The most popular CC method, and what is used in this thesis, is CCSD(T). In this method,
the first two excited terms are computed using T = T1 + T2 , but the connected triplet excitations are computed in a single perturbation step. 67–69 This perturbation expansion of the
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connected triples amplitudes computes the energy using the following scheme:

EC C S D = Ecor r − EH F =

X

f ia t ia +

ia

1X
1X
〈i j||a b〉t iab
+
〈i j||a b〉t ia t bj
j
4 i jab
2 i jab

(2.17)

for which f ia are the HF operator matrixed elements, and 〈i j||a b〉 are anti-symmetrized two
electron integrals. With this, corrections are made to CCSD energy 70

EC C S D(T ) = EC C SD + E (4) + E (5)

(2.18)

E (4) =

1 X abc∗ abc abc
D t
t
36 i jkabc i jk i jk i jk

(2.19)

E (5) =

1 X
〈 jk||bc〉t ia∗ t iabc
jk ,
4 i jkabc

(2.20)

where Diajkbc consists of diagonal elements of the HF matrix and 〈 jk||bc〉 are anti-symmetrized
two electron integrals, similar to that seen in Equation (2.17). Triple amplitude corrections
to the energy are obtained in fourth and fifth order and are calculated using the converged
CCSD amplitude for this perturbation expansion. T3 amplitudes are calculated by

X
X
Diajkbc t iajkbc = P(i| jk)P(a|bc)( 〈bc||d i〉t ad
−
〈l a|| jk〉t ilbc ).
jk
d

(2.21)

l

The permutation operator P(i| jk) is computed by
P(i| jk) f (i jk) = f (i jk) − f ( jik) − f (ki j).

(2.22)

When HF orbitals constructed from slater determinants are applied to these calculations, the
matrix elements for the singly excited Slater determinant implied in Equation (2.17) are zero,
per Brillouin’s theorem. As referenced in Equation (2.12), the hamiltonian operator only
includes one- and two-electron operators. When solving using CCSD(T), the scaling factor
associated with the computational cost is O(N 7 ), for an N electron system containing N
total orbitals. This is one order of magnitude less as compared to CCSDT for comparable
accuracy. CCSD(T) is often used for predicting electronic energies of stationary points from
previously optimized structures determined from lower levels of theory. In this thesis, we
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will utilize this scheme with less "expensive" methods to achieve accurate energy predictions
for reaction mechanism pathways.

2.1.3

Equation-of-Motion Coupled-Cluster Theory

Much of this thesis is focused on the participation of excited state population and transitions
within reaction mechanisms. Similarly, our electronic structure calculations and related energies are benchmarked by comparing calculated to experimental ionization potentials (IPs).
While some IPs are found by subtracting the energies of two ground state calculations, calculating higher lying IPs requires direct calculation of excited states from a single ground state.
To be further discussed in the subsequent sections, the preliminary method for excited state
calculations is time-dependent density functional theory (TD-DFT), more accurate energy
predictions on the level of CC calculations may also be done. This is achieved by equationof-motion CC (EOM-CC). The EOM framework extends the ground state results from CC
theory, but rather than the HF determinant, it uses the CC ground state. 69 If the ground state
is denoted as
H|ψ0 〉 = E0 |ψ0 〉

(2.23)

|ψk 〉 = R k |ψ0 〉 = R k e T |φ0 〉,

(2.24)

An excited state is denoted,

where R is the motion operator 71 and φ0 is the CC ground state. Similar to the scheme proposed to optimize ground state energies starting with lower level theory and refining with CC
methods, we will employ EOM-CCSD for excited state calculations throughout this thesis
under the same scheme.

2.2

Density Functional Theory

Rather than solving the electronic SE by approximations to find the optimal wavefunction, as
in WFT, density functional theory (DFT) employs methods that focus on finding the optimal
charge density (ρ ) of a system. As found in 1964 by Hohenberg and Kohn, DFT is governed
by 4 main principles:
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1. The main variable is ρ . Energy and all other properties are computed as functionals, a
function which takes another function as an argument, of ρ .
2. The uniqueness theorem states that there’s a direct relationship between the ground
state density, ρ(~r ), and the external potential acting on it, v(~r ). In this way, a unique
functional of the exact ground state energy exists to represent the ground state expectation value of any observable.
3. Independent of the external potential, v(~r ), there exists a universal functional, F [ρ(~r )],
such that the electronic energy of the system for a given charge density is computed as
E v [ρ(~r )] =

Z

v(~r )ρ(~r )d~r + F [ρ(~r )]

(2.25)

4. The ground state charge density is the minimization of Equation (2.25), according to
the variational principle, with respect to the total number of electrons N within the
system.
Z

ρ(~r )d~r = N

(2.26)

From the culmination of these principles, the exact density makes it theoretically possible
to compute all ground state properties of a system exactly. 72 Under the condition that ρ is
a function of the electrons ~r , the use of square brackets will denote functionals of function
ρ . The universal functional consists of Coulombic interactions of electrons, J[ρ(~r )] and a

unique and unknown functional, G[ρ(~r )].
F [ρ] = G[ρ] + J[ρ]
1
J[ρ] =
2

Z

ρ(~r )ρ( r~0 )
d~r d r~0
|~r − r~0 |

(2.27)

(2.28)

While formally exact, due to this unknown functional G[ρ], this proposed method is not
practical to solve. As a result, in 1965, Kohn and Sham proposed a second theorem by which
the G[ρ] functional was found to explain the kinetic energy of noninteracting electrons,
Ts [ρ], and the exchange correlation functional, EX C .
G[ρ] = Ts [ρ] + EX C

(2.29)
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The exchange correlation functional, as the name implies, describes the exchange and correlation of interacting electrons. Therefore, the total energy, as described by ρ is

E[ρ(~r )] = Ts [ρ] + Enuc−el [ρ(~r )] + J[ρ] + EX C [ρ(~r )].

n
n Z X
N
X
ZA
1X
2
E[ρ(~r )] = −
〈ψ j (~r )|∇ |ψ j (~r )〉 −
|ψ j (~r )|2 d~r
2 j
|~
r
−
R
|
A
A
j
n X
n Z Z
X
1
1
|ψ j (~r )|2
|ψ j 0 (~r )|2 d~r d r~0 + EX C [ρ(~r )]
+
0|
~
2
|~
r
−
r
0
j

(2.30)

(2.31)

j

In addition to the kinetic energy functional, Ts [ρ], and the electron-electron Coulombic interactions, J[ρ(~r )], E[ρ(~r )] includes nuclear-electron Coulombic interactions, Enuc−el [ρ(~r )]
and the exchange correlation functional, EX C [ρ(~r )]. The exchange correlation functional
contains all unknowns within the model including kinetic energy not covered within Ts [ρ]
and corrections for the self-interaction error proposed in J[ρ(~r )].
Applying the variation principle, the set of orbitals that minimizes the energy can be
expressed as the SEs for each of the noninteracting single particles within a field of effective
potential, ve f f in equations called KS equations.

N

KS KS
H KS ψKS
i = Ei ψi

(2.32)

1
H KS = − ∇2 + ve f f (~r )
2

(2.33)

X Z
1
A
[− ∇2 −
+
2
~
r
−
R
A
A

Z

ρ( r~0 ) ~0
KS KS
d r + vX C (~r )]ψKS
i = Ei ψi
0
~
|~r − r |

(2.34)

Similar to that of the HF operator discussed in WFT, H KS , is the KS Hamiltonian. The
wavefunctions, ψKS
i , represent the KS orbitals, by which the density of the system of interacting particles is represented as a summation over N lowest energy orbitals. This similarity
allows accuracy to be dependent upon the basis set of orbitals to describe interactions. Also
similar to HF, minimizing the energy requires solving each hamiltonian of each one-electron
SE with respect to the wavefunctions of other MOs to be found. Therefore, these equations
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are nonlinear and must be solved iteratively. However, unlike HF, the form of the exact
functional is unknown, so creating a hierarchy of approximations is based on the physical
considerations and how the density behaves for each molecule. Because of this relationship,
irrespective of size, for a system of N electrons, there are 4N applicable variables for solving
the charge density, 3 spatial coordinates, and 1 spin coordinate for each electron. As a result,
the electron density is the square of the wavefunctions integrated over N − 1 electrons, for
which each spin density only depends on 3 spatial coordinates. 67 This makes DFT simpler to
improve and implement than that of WFT, and more "inexpensive" on the order of O(N 3 ) or
O(N 4 ). While simple, for every different electron density, there is a subsequent and different

ground state energy, for which the energy functional is not explicitly known. With this, identifying the correct exchange-correlation functional to account for these parameters is key to
adequately modeling systems and producing reliable results.

2.2.1

Exchange-Correlation Functionals

The difference in DFT methods is the choice of the exchange-correlation (XC) functional to
describe the XC energy. The classes of XC functionals are characterized by the amount of
information about the density included within them. For example, the simplest model, local
density approximation (LDA) describes the density as a uniform electron gas. As a result,
the XC energy is computed only concerning the local value of the density at a position:

EXL CDA[ρ(~r )]

=

Z

f (ρ(~r ))d~r .

(2.35)

This energy is a weighted probability that the electron is found within that specific position.
While simplistic, LDA functionals best describe systems such as large metal surfaces. 67 The
next level in the XC functional hierarchy are generalized gradient approximation (GGA)
functionals. In this class, the XC energy as described by LDA is used as a baseline by which
the gradient of the density at a specific position is also included.
EXGGA
r )]
C [ρ(~

=

Z

f (ρ(~r ), ∇ρ(~r ))d~r

(2.36)
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GGA functionals are best implemented for optimizing molecular geometries and calculating
ground-state energies. The third tier of the XC functional hierarchy is meta-GGA functionals. These functionals include the Laplacian of the density, ∇2 ρ(~r ), and the kinetic energy
density of KS orbitals, τ(~r ), such that

a−GGA
EXmet
[ρ(~r )]
C

=

Z

f (ρ(~r ), ∇ρ(~r ), ∇2 ρ(~r ), τ(~r ))d~r

(2.37)

Meta-GGA functionals are best suited for thermochemistry, kinetics, and non-covalent interaction calculations. The fourth level in the XC functional hierarchy is hybrid functionals.
This class employs a fraction of HF exchange from KS orbitals in the XC functional. This
class, as the most popular of the functional classes, holds the most commonly used functional,
B3LYP. This method uses 20% HF exchange energy and calculates the remaining exchange
and correlation terms from the GGA methods.
P
= (1 − a)EXS + aEXH F + bE x B88 + (1 − c)ECV W N + c ECLY P ,
EXB3LY
C

(2.38)

where EXS , E x B88, ECV W N , and ECLY P are various GGA methods. This method is particularly
popular in that it is not heavily parameterized (3 parameters), as with other hybrid functionals,
and produces reliable energies without the use of large basis sets. This functional is best
used for calculating atomization energies, bond lengths, and vibrational frequencies. To
adequately calculate transition state geometries, energies, and vibrational frequencies, this
functional is used in much of the work described within this thesis.
At the hybrid functional level on the hierarchy of XC functionals, as seen in Figure 2.1,
there is a direct relationship between the simplicity of the model and the accuracy of the calculations produced. With this, for further calculations to better explain short and long-range
interactions and dispersion force corrections, ωB97X-D functional was used. Compared to
that of B3LPYP, ωB97X-D is 22% HF. While it compares in computational cost to that of
B3LYP, this method produced more accurate results as compared to experiments for specific
molecules discussed within this thesis.
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Figure 2.1: The hierarchy of XC functionals as the rungs of Jacob’s ladder. 73

2.2.2

Time-Dependent Density Functional Theory

Time-dependent DFT (TD-DFT) calculates excitation energies and dynamic polarizabilities
by solving the time-dependent analog of the exchange-correlation functional of time dependent electron density. A TDKS scheme was produced by Gross and Runge from the
Hohenberg-Kohn theorems. Ultimately, this scheme calculates excitation energies, Bohr frequencies, for the ground state density’s response to a time-dependent applied electric field 74 .
To solve, coupled matrix equations can be written as a single eigenvalue problem:



A
B∗

 

 
x
−1 0
x
  = ω
 
A∗
y
0 1
y
B

(2.39)

Here, A is described similar to orbital matrix elements within the Hessians proposed at the
CIS level 75 , but include a correction for the exchange-correlation. The excitation energies, ω
are solved iteratively for the lowest-lying excitation energies. Tamm-Dancoff approximation
(TDA) can be used to simplify the overall expression to Ax = ωx by neglecting the "deexcitation" amplitudes, Y. This makes TD-DFT implementation simple in comparison to
other excited state methods. While inexpensive, scaling to O(N 3 ) or O(N 4 ), the reliability
of TD-DFT is restricted to low-lying valence excited states with an accuracy limit of the first
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ionization potential of the molecule. However, with optimized geometries, TDDFT can give
a quick, computationally "inexpensive" qualitative analysis of excited states, energies, and
coupling strengths. 1,76 Due to the nature of these calculations, the procedure as described
in the Section 2.1.3 by which TD-DFT is used as the preliminary method for excited state
calculation, is employed throughout the investigations presented in this thesis.

2.3

Basis Sets

As described in both WFT and DFT methodologies, basis sets are collections of the nonorthogonal mathematical functions that span the spatial part of MOs that describe the limits for the
one-electron space. Within WFT and the hybrid functional methods of DFT, MOs are described as slater determinants. These determinants use a linear combination of N atomic
functions to an N -electron system to describe the molecular orbital. The exact atomic solution for a one-electron system depicts the atomic orbital as a slater type function (STO):
TO
(x, y, z) = M x a y b z c e−ζr .
χaSbc

(2.40)

Here, the STO is described by M , a normalization constant and spatial coordinates, x, y, z
governed by coefficients to control angular momentum, a, b, c such that ~L = a + b + c , and
parameter ζ to control the width of the orbital. Orbitals with a, b, c values of 1,0,0; 0,0,1;
or 0,1,0 correspond to the set of p-orbitals ( ~L =1). In the same way, the orbitals with a, b, c
values of 2,0,0; 0,2,0; 0,0,2; 1,1,0; 1,0,1; or 0,1,1 correspond to the space of the set of the
d-orbitals ( ~L =2). Lastly, because x 2 + y 2 + z 2 = r 2 , an s orbital is denoted by the sum of
a, b, c values 2,0,0; 0,2,0; and 0,0,2 ( ~L =0). Also, it should be noted that when ζ is large, the

STO is considered a tight function. When ζ is small, the STO describes diffuse functions.
As seen in Figure 2.2, STOs accurately describe the short and long-range behavior of atomic
orbitals. However, while accurate, STOs are expensive to calculate due to the nature of the
exponential component. For this reason, most modern basis sets are composed of Gaussian
type orbitals (GTO) described as:
2

O
a b c −ζr
χaGT
.
bc (x, y, z) = M x y z e

(2.41)
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Due to the Gaussian product term, GTOs are simpler to compute; however, lack in explaining both short and long-range behaviors (Figure 2.2). Therefore, most orbitals compute contracted Gaussian type orbitals (CGTO) or a linear combination of Gaussian type orbitals.
GT O
(x,
χaCbc

y, z) = M

n
X

ci x a y b z c e − ζi r 2 .

(2.42)

i=1

By combining these GTOs, long and short-term behavior are selectively fit to better approximate STOs. Minimal basis sets use one basis function for each atomic orbital in the atom.
Double-zeta, triple-zeta, etc. use two and three basis functions for each atomic orbital. A split
valence basis set simplifies calculations by describing core orbitals with one atomic function
and valence orbitals with a larger basis set. Idealistically, an infinite amount of GTOs within
a CGTO would give an almost accurate representation of the STO. In the same way, the more
GTOs used to describe the atomic orbitals, the more accurate the prediction. As a result,
large basis sets are generally considered more accurate in quantum chemistry.

Figure 2.2: Comparison of Gaussian type orbitals and Slater type orbitals. 77

To better describe short and long-range interactions, polarization, and diffuse functions
can be added to a basis set. Polarization functions describe the shift of an atom’s orbitals
as other atoms approach as the mixing of the angular momentum of a basis function with
the orbitals of basis functions of angular momentum, l + 1. In this way, to polarize a p
orbital a d orbital function is added. Diffuse functions, as described above, include small ζ
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components, and describe the tail behavior of an electron far from the nucleus. As essential
for anion calculations, diffuse functions are essential for accurately depicting any electron
held loosely by dispersion only. 77,78
Within this thesis, there are two general classes of basis sets used: Pople basis sets,
and Dunning’s Correlation-Consistent Basis Sets. To describe our radical cation MOs, we
use Pople’s split-valence triple-zeta basis set, 6-311+G*. Within this basis, the core orbital is
described by a CGTO of six GTOs and the valence is made of three orbitals: one CGTO made
of 3 GTOs, and two single GTOs. We also include both polarization and diffuse functions
to best describe the interactions within the radical cation. This basis set is not considered
particularly large and has "inexpensive" implementation for small molecules, as discussed
within this thesis. Similarly, in DFT methods, when combined with B3LYP, this basis is
known to explain atomic total energies with high accuracy. 79
Similar to 6-311+G*, this thesis also includes the use of the CBSB7 basis set, which
employs the 6-311G(2d,d,p) basis set constructed by the CBS-QB3 high accuracy energy
method. In the CBS-QB3 method, B3LYP energies and frequencies are used to calculate
several single-point energies to the "exact" energy for molecules to calculate the exponents
and contraction coefficients accordingly. This method was found to be an advantage over the
6-311+G* basis previously described for its uses in computing transition states. 79,80 For this
reason, CBSB7 is used in the study of complex, multistep rearrangement pathways.
For its applications to increase the accuracy of our WFT methods, we use Dunning’s
Correlation-Consistent Basis Sets, specifically aug-cc-pVTZ. This basis set as optimized using correlated (CISD) wavefunctions describes the atomic orbital as a triple-zeta basis containing diffuse functions, as denoted by the "aug" prefix, and polarized valence functions.
In comparison to 6-311+G*, aug-cc-pVTZ is a large basis set, presumably better for implementing WFT and DFT methods; however, is traditionally known for increasing the accuracy
of WFT methods and recommended for implementing with DFT for anions and weak interactions. 80

2.4

Experimental Methods

As outlined in many of our procedures, the radical cations studied within this thesis are experimentally resolved using ultra-fast femtosecond time resolved mass spectrometry, as outlined
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in our previous publications 81–84 . A brief summary is given here. The output of a commercial Ti:Sapphire regenerated amplifier (Astrella, Coherent, Inc.) producing 30 fs, 800 nm,
2.2 mJ pulses was split with a 10:90 (r:t) beam splitter. The 90% portion was directed into
an optical parametric amplifier (OPA, TOPAS Prime) to produce 1500 or 1300 nm, 200 µJ,
18 fs pulses used as the pump. The smaller portion of the beam used as the probe pulse was
directed onto a retro-reflector placed on a motorized stage to adjust the delay between pump
and probe pulses. With a home-built frequency resolved optical gating (FROG) apparatus 85 ,
the duration of the pump and probe pulses were measured to be 18 fs and 25 fs, respectively.
The pump and probe beams are recombined on a dichroic mirror and focused with a 20 cm
fused silica biconvex lens to into the extraction region of a custom built time-of-flight (TOF)
mass spectrometer. The focal intensities of the pump and probe pulses were estimated as
1.5 × 1014 and 1.5 × 1013 W cm−2 , respectively, based on previously established methods

described in Ref. 84 . The molecular sample was introduced into the ultrahigh vacuum chamber (base pressure 2 × 10−9 Torr) through the effusive source of a 1/16” OD stainless steel
tube with outlet 1 cm away from the laser focus. The resulting sample pressure was kept at
approximately 2 × 10−7 Torr as measured near the microchannel plate detector. Mass spectra
at each pump-probe delay were collected 1 GHz digital oscilloscope (LeCroy WaveRunner)
and averaged over 1000 laser shorts. The pump-probe delay was scanned in specific steps
over a varying range, specific to each experiment, to produce the reported experimental data.
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Chapter 3

2-Nitrotoluene Radical Cation
The following study is from our previously published article, Conserved Vibrational Coherence in the Ultrafast Rearrangement of 2-Nitrotoluene Radical Cation. 1

3.1

Background and Motivation

TNT is a popular explosive used primarily for its military applications. 25–28 With this, there
are many studies to investigate its dissociation. However, the decomposition mechanism of
TNT is quite expensive to model computationally and study outright. 29 Therefore, smaller,
more simplified models of TNT, nitrotoluenes are studied. 28–30 Nitrotoluene isomers have
been studied for years and their photodissociation affects investigated 12,13,30–34,36–38 using
two primary methods: 1) electron impact with the ionized products being detected using
mass spectrometry 8,9 and 2) UV excitations of the sample molecular beams with products
detected using resonantly enhanced multi photon ionization, vacuum UV photoionization
of mass spectrometry and multi mass imaging techniques. 2,8,10–13 These studies proved that
there are clear analytical and reactionary differences between the isomers. Particularly, there
is a specific difference between the reaction pathways of o-nitrotoluene and those of m- and
p-nitrotoluene. 9,10,29,37,38
In m- and p- nitrotoluene the nitro groups are in the same plane as the benzene ring.
This is different from the 26.6◦ torsion of the nitro group on the o-nitrotoluene due to steric
effects. 38 When excited, the m- and p- nitrotoluene also dissociate similarly as they rearrange to create nitrite groups on the ring, rather than nitro groups. From this, the nitrite
group loses a NO and thus leaves a structure with the chemical formula C7 H7 O for both. 37,38
When compared to m- and p- nitrotoluene, o-nitrotoluene dissociates much differently as the
methyl group can undergo a cleavage of the C–H bond creating a hydrogen transfer (HT) from

Chapter 3. 2-Nitrotoluene Radical Cation

26

the methyl to the nitro group. This HT creates a 5-methylene-6-aci-nitrocyclohexa1,3diene
species 8,9,29–31,34 From this step, there are many different proposed mechanisms.
In a study from 1988, it was determined that the m- and p- nitrotoluenes, which lose
NOand NO2 , differ significantly from the dissociation of o-nitrotoluene (2-NT), which loses
OH. This produces a fragment that is around m/z of 120, which ultimately loses CO and
results in a fragment of m/z of 92. The pathways for these fragments were unknown. The
identity of the fragment of m/z of 92 was also unknown. The study also proved that the
HT rearrangement of the ion was the initial step of the reaction. 9 In 2000, another study
showed qualitative similarities in the dissociation of 2-NT to that of nitrobenzene. 31 In 2006,
ten potential decomposition channels were determined. Of these, three primary pathways
would produce the following products: CH3 C6 H4 + NO2 , C6 H4 C(H)ON(anthranil) + H2 O,
and CH3 C6 H4 O(o−methylphenoxy) + NO. 30 In 2010, another experiment took the similarities from the nitrobenzene and the 2-NT and found that 2-NT, when excited, is promoted
to an upper singlet state. The absorption of this energy mimics that of nitrobenzaldehydes
which can allow 2-NT to relax from the upper excited state to populate a non-emissive intermediate like a triplet state or a photo-product. 86 In nitrobenzene, intersystem crossing to
the triplet state is common. From this, the study determines that the potential of similar intersystem crossing for 2-NT on a picosecond scale. 86 In 2013, there was a computation and
experimental joint study done for which the decomposition pathway took into account the
populated singlet state only into the reaction mechanisms. This pathway concluded that the
unknown fragment with m/z of 92 was C6 H6 N+ . 8
With all of the studies, no one pathway has been identical, as it relates to experimental
and computational results. Furthermore, there are still many questions regarding the reaction
pathways that is yet to be done. With this and taking into account the previous studies performed, this study investigates the dissociation of 2-NT using experimental electron impact
studies in conjunction with mass spectroscopy and DFT methods.

3.2

Experimental Analysis

Figure 3.1(a) shows the mass spectra of 2-NT taken with 1300 nm, 18 fs, 2 × 1014 W cm−2
pump pulses and 650 nm, 25 fs, 5 × 1012 W cm−2 probe pulses at pump-probe delays
τ = −500 fs (bottom) and τ = +4000 fs (middle), as well as their difference (top). At
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negative delay, the largest peaks in the mass spectrum are the parent 2-NT cation at m/z =
137 (highlighted in red) and the OH loss product C7 H6 NO+ at m/z = 120 (magenta). Because
the probe is non-ionizing, the ion signal is exclusively due to the 1300 nm pump pulse. The
large yield of parent 2-NT+ as compared to previously reported mass spectra taken with femtosecond lasers 12,13,87 is consistent with the expected adiabatic ionization process at 1300 nm
excitation. 82,83,88–92 At positive delay, a decrease in the m/z = 137 and m/z = 120 peaks accompanied by an increase in the peaks corresponding to the smaller ions at m/z = 92 (green),
m/z = 91 (blue), m/z = 77 (orange), and m/z = 65 (cyan) is observed. Based on previous
reports, 8,9,12,13,36,87,93 these m/z values are assigned as to the following ions: C6 H6 N+ (92),
C7 H7+ (91), C6 H5+ (77), and C5 H5+ (65). The increase in these fragment ion yields at the
expense of the parent ion indicates that they are formed via excitation of the parent 2-NT+ by
the 650 nm probe pulse. 17,82,83,90–92,94–99 Structures of the prominent fragments are in Figure
3.2.
Figure 3.1(b) shows the transient ion signals highlighted in panel (a) as a function of
pump-probe delay τ, with all signals normalized to the signal of the parent 2-NT+ at negative time-delay. The m/z = 120, 77, and 65 signals have been shifted on the ordinate axis
by -0.4, +0.4, and -0.2 units, respectively, for clarity. The inset in Figure 3.1(b) magnifies
the region from 50 − 1500 fs showing the oscillating ion signals that indicate coherent vibrational dynamics. At short delay times, the oscillations in the m/z = 137 and 120 ions
are roughly out-of-phase with the oscillations of the smaller fragment ions, consistent with
coherent excitation by the probe pulse. 17,82,83,90–92,94–99 The same transient dynamics with
smaller-amplitude features were observed for lower pump and probe intensities.

3.3

Direct C−NO2 bond homolysis: Formation of C7 H+7

The similar oscillation periods and offset phases of the C7 H7 NO2+ and C7 H7+ transients
suggest that coherent excitation of the parent molecular ion results in C−NO2 homolysis to
form C7 H7+ , as was observed in 3-NT and 4-NT. 83 Computation of this dissociation pathway
revealed no transition state and formation of C7 H7+ in the singlet and triplet states at 10.98 eV
and 11.69 eV, respectively (Figure 3.3). The singlet dissociation energy is in good agreement
with recent VUV photoionization experiments giving an appearance energy for C7 H7+ at
11.01 ± 0.03 eV and calculations at the CBS-QB3 level indicating dissociation at 11.17 eV. 8
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Figure 3.1: (a) Mass spectra of 2-NT taken at τ = −500 fs and τ = 4000 fs,
along with their difference. (b) Transient ion signals as a function of pump
probe delay. The inset magnifies the region from 50 − 1500 fs.

Figure 3.2: Structures of primary fragments from Mass spectra of 2-NT
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The 1.9 eV probe pulse (orange arrow, Figure 3.3) can easily exceed the dissociation barrier
to singlet C7 H7+ formation but doesn’t exceed the barrier for triplet formation, suggesting
that the observed C7 H7+ is formed exclusively in the singlet state. It should also be noted
that C7 H7+ through the singlet state can undergo further rearrangement into the tropylium
ion, as shown in Figure 3.4; however, this mathway has not been extensively studied.

12
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Figure 3.3: Mechanism of -NO2 loss from 2-NT+ showing the energy required to form C7 H7+ in both singlet (S = 1) and triplet (S = 3) states. The
probe photon energy is shown to scale (orange arrow).

Figure 3.4: Relative energies of C7 H7+ isomers.
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H-atom Attack and Aci-Rearrangement

The high yield of C7 H6 NO+ in our mass spectra at negative time-delay (i.e., in the absence of the probe pulse) indicates that the parent 2NT+ can spontaneously undergo aci rearrangement via H-atom attack and lose OH on the ∼µs flight time in the TOF-MS, consistent with previous mass spectrometry studies 8,9,12,13,36,87,93 . According to our computations
of the aci -rearrangement reaction pathway (Figure 3.5), the reaction has an activation barrier
of 0.76 eV from the vertical IP of 9.45 eV. This energy is lower than the pump photon energy
(0.95 eV at 1300 nm), which suggests that absorption of an additional pump photon during
the ionization process can provide the necessary energy to initiate the H-atom attack. Once
TS1 is reached and the hydrogen transfers to the nitro oxygen (INT1 in Figure 3.5), a series
of rotations (TSr, Int1r, and TSr2 in Figure 3.5) result in the most stable aci -nitro tautomer
INT2 at 8.62 eV.

Energy (eV)
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TS1

10
9.5
9
8.5

+
C7H7NO2

TSt
TSr2

+

neutral geometry C7H7NO2
optimized geometry

+
aci-C7H7NO2
INT1

TSr
+
aci-C7H7NO2
INT1r

+
aci-C7H7NO2
INT2

Figure 3.5: Mechanism of aci -rearrangement in 2NT+ computed at the
ωB97XD/CBSB7 level.

This mechanism generally agrees with the recently reported pathway computed at the
CBS-QB3 level with the 6-311G basis 8 , with three notable exceptions. First, the 10.22 eV
energy of the transition state TS1 is 0.2 eV higher than the CBS-QB3 value. Second, the final
transition state TSr2 was not reported in the CBS-QB3 results, but rather the transition state
TSt, which was reported to be the highest-energy transition state in the pathway at 10.16 eV
(compared to 10.01 eV in our calculations). Third, the aci -nitro tautomer INT2 was reported
to be 0.38 eV higher at 9.00 eV. These discrepancies are likely due to the use of a composite
method to compute energies with DFT-optimized geometries in Ref. 8 , in contrast to the use
of a consistent DFT method to optimize both the geometries and energies in the present
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calculations. Furthermore, all transition states in our computations were verified with IRC
pathway calculations.

3.5

OH loss: Formation of C7 H6 NO+

We next consider pathways to OH loss and formation of C7 H6 NO+ beginning from INT2
(Figure 3.6). The most favorable pathway leads to C7 H6 NO+ in the singlet state, and involves
first cyclization (TS2 and INT3) followed by OH cleavage to produce C7 H6 NO+ (P2, S =
1, Figure 3.6). Because the energy of P2 (9.63 eV, in good agreement with the 9.65 eV

reported with CBS-QB3 calculations 8 ) is lower than the TS1 energy required to initiate aci rearrangement, this pathway requires no additional input energy and we can assume that any
spontaneously-formed aci -nitro tautomer will lose OH before reaching the ion detector in
our experiments. This result explains the high yield of C7 H6 NO+ at negative time-delays in
our experiments, which we assign to the S = 1 P2 product.
In addition to the spontaneous P2 formation pathway, Figure 3.6 also indicates three
higher-energy pathways leading to different C7 H6 NO+ structures that become accessible
upon absorption of one probe photon (orange arrows) from either the vertical IP (i.e., by
the parent molecular ion 2-NT+ ) or the aci -nitro tautomer with initial energy equal to that of
TS1. Direct OH loss from INT2 can form either singlet (S = 1) or triplet (S = 3) C7 H6 NO+
as structure P1 with energies 11.07 eV and 10.90 eV, respectively. The S = 3 product can
then cyclize with an additional 1.32 eV energy through TS2b to produce the cyclic P2 in the
triplet state.

3.6

CO loss from C7 H6 NO+ : Formation of C6 H6 N+

Finally, we turn to the CO loss pathway from C7 H6 NO+ to form C6 H6 N+ . Previous theoretical studies examined CO loss from only the singlet C7 H6 NO+ product (P2, Figure 3.6),
which indicated a large 2.61 eV dissociation barrier. 8 We computed the CO loss pathways
beginning from the P2 structures in both the singlet and triplet states (Figures 3.7(a) and (b),
respectively).
In rough agreement with previous literature 8 , the singlet C7 H6 NO+ requires 2.32 eV to
lose the CO moiety. These results indicate that the C7 H6 NO+ formed via the lowest-energy
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Figure 3.6: Mechanism of dissociation from the aci -nitro tautomer to
C7 H6 NO+ products formed in the singlet and triplet states.
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singlet pathway in Figure 3.6 does not have enough energy to lose CO, even when taking into
consideration the TS1 energy, as the energy barrier to reach TS3 is still 1.73 eV. In contrast,
the singlet P1 that becomes accessible following absorption of a probe photon (dashed line,
Figure 3.7(a)) only requires an extra 0.88 eV to induce a series of hydrogen atom migrations
and internal rotations that leads to CO loss and production of the C6 H6 N+ product P3 (Figure
3.7(a)). From the triplet P2, an additional energy input of 0.84 eV initiates a more direct CO
loss pathway to form P3 in the triplet state (Figure 3.7(b)). We note that an additional higherenergy triplet dissociation pathway analogous to the singlet pathway in Figure 3.7(a) was also
identified. Collectively, these computed dissociation pathways suggest that the C7 H6 NO+
formed in either the singlet or triplet state upon absorption of a probe photon can lose CO
with little additional energy input.

3.7

Conclusions

Coherent vibrational dynamics in 2-NT radical cation were probed with strong-field adiabatic ionization with near-infrared pulses and cation excitation with visible pulses. Observed
oscillations in ion yields with the pump-probe delay was attributed to the coherent excitation of the C−NO2 torsional motion in the parent 2-NT cation. This vibrational coherence
was found to be preserved upon spontaneous H-atom attack to form the aci -nitro tautomer
based on the faster oscillations in the C7 H6 NO+ ion formed by −OH loss from the aci -nitro
tautomer structure. A series of DFT calculations both supported the assertion of preserved
coherence in the aci -nitro tautomer and determined the H-atom attack mechanism involving
three aci -nitro tautomer structures. The subsequent −OH and −CO loss pathways from the
aci -nitro tautomer determined through DFT calculations found that these dissociation reac-

tions could produce both singlet and triplet C7 H6 NO+ products. Collectively, these results
provide a detailed picture of the coherent and incoherent excitation pathways in 2-NT radical cation that lead to the formation of multiple dissociation products. Future high-level
calculations of ground- and excited-state potential energy surfaces in 2-NT cation and the
aci -nitro tautomer, along with additional time-resolved measurements with different probe

wavelengths, could provide further insight into the specific excited states accessed by the
coherent excitation pathways observed in this work. Building on the present results, such
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additional studies could help develop efficient coherent control schemes for 2-NT and other
nitroaromatic energetic molecules.
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Chapter 4

Ultrafast Dynamics of Nitro-Nitrite
Rearrangement and Dissociation in
Nitromethane Cation
4.1

Background and Motivation

The simplest organic-nitro compound, nitromethane (NM) is important in atmospheric pollution chemistry 100 and used as a fuel 101,102 , propellant 103,104 , and explosive 103–105 . As a
low-sensitivity nitro-energetic material, NM is also a common model system for studying
ignition and detonation of energetic materials 45,46,102,106–108 . Hence, dissociation pathways
in NM have been extensively studied experimentally 21,109–114 and theoretically 22,41,44,115–119
for decades.
The two dominant dissociation pathways in neutral NM are the direct cleavage of the
C–N bond 44,113,114,117
CH3 NO2 −−→ CH3 + NO2

(4.1)

and nitro-nitrite rearrangement (NNR) followed by NO loss 21,22,44,113,114,116
CH3 NO2 −−→ CH3 ONO −−→ CH3 O + NO.

(4.2)

The term “roaming” describes a pathway to formation of products of a unimolecular
reaction that, in contrast with the tight saddle point transition state picture, is characterized
by a high-energy flat region of the potential energy surface in which the forces are relatively
weak and so the dynamics exhibit large amplitude motion, hence the term roaming. NNR
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is attributed to a roaming pathway, wherein CH3 and NO2 radicals separated by about 3–
4 Å sample orientations with barriers 1–2 kcal/mol lower in energy than required for C–N
bond cleavage 116–119 . The roaming CH3 and NO2 radicals can recombine to form the transmethyl nitrite 116,117 or cis-methyl nitrite 118 structures prior to NO loss. Ultrafast transient
absorption experiments on NM in aqueous solution identified timescales of 81±4 fs for C–N
cleavage to form NO2 and 480 ± 17 fs for methyl nitrite formation, which supports that NNR
in electronically excited NM occurs through recombination of CH3 and NO2 radicals. 21
Understanding the reaction pathways of nitromethane ions is also of importance because
shock initiation of detonation in condensed-phase NM is mediated by generation of cations
and anions 45,46,107,108 . Dissociation of NM cations has been widely investigated for decades
using mass spectrometry, 49–59,62,113 and some theoretical results have been reported 59–62 .
Experimental studies using electron impact ionization 49,55,56 and photoionization with VUV
radiation 50–53 or nanosecond UV lasers 54,57 reported the major fragment ions, in order of
increasing appearance energy, to be: NO+ , NO2+ , and CH3+ . Subsequent investigations using
femtosecond laser sources have reported the same fragments, but with enhanced yields of
intact parent molecular ion as compared to nanosecond lasers 57,58,62,113 .
The low appearance energy of NO+ of 11.5–12 eV, 0.4–0.7 eV above the 11.1–11.3
eV adiabatic ionization potential (IP) of NM, 49–53,59 has been attributed to facile NNR to
form the metastable methyl nitrite cation, followed by subsequent NO+ loss via the pathway 51,52,59,60,62
CH3 NO2+ −−→ CH3 ONO+ −−→ NO+ + CH3 O

(4.3)

The methyl nitrite cation is reached from the NM cation by a low TS barrier of ∼0.35 eV
above the vertical IP and is more stable than the relaxed NM+ structure by ∼0.8 eV 62 . Consistent with the low barrier to NNR in NM cation, the formation of NO+ has been attributed
to population of the second band in the photoelectron spectrum of NM+ that lies ∼0.7 eV
above the first band 52,120 .
The direct dissociation of NM cation can produce either NO2+ or CH3+ ,
CH3 NO2+ −−→ NO2+ + CH3

(4.4)

CH3 NO2+ −−→ CH3+ + NO2

(4.5)
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Since NO2+ and CH3+ have similar IPs, they would be expected to exhibit similar appearance
energies from NM+ fragmentation. 50 However, the appearance energy for NO2+ is consistently reported to be between 12.0 and 12.5 eV, 49–51,53,59 whereas the reported appearance
energies for CH3+ vary widely from 12.4 eV 59 to 13.6 eV 49,50 . Moreover, CH3+ was found
in some studies to have 1.1 eV excess kinetic energy as compared to NO2+ . 49,56 This excess
energy was attributed to the CH3+ fragment being produced directly from an excited electronic state of the nitromethane cation, not after internal conversion to the ground electronic
state 50 . This excited electronic state had been assigned to third photoelectron band, ∼3 eV
above the first band 51,120 .
Recently, we reported dissociation pathways of NM+ and multiply charged NM cations
with strong-field femtosecond laser photoionization mass spectroscopy and density functional theory computations, 62 which confirmed the low energy barrier to NNR leading to
NO+ formation and the similar energies required for direct dissociation into CH3+ and NO2+ .
The present work identifies the potential energy surfaces and reaction timescales involved
in the NNR and direct dissociation pathways of NM+ using time-resolved pump-probe measurements, electronic excited state computations, and ab initio molecular dynamics (AIMD)
simulations. We find that direct dissociation to produce NO2+ involves a weakly allowed
D0 → D2 transition at the relaxed cation geometry. When the C–N bond is stretched from
its equilibrium value of 1.48 Å to 1.88 Å, a stronger D0 → D1 transition results in direct
dissociation to CH3+ . The pump-probe measurements and AIMD simulations show that with
excess energy resulting from strong field ionization directly into the D2 state in NM+ , the
NNR pathway requires ∼440 fs to form the methyl nitrite cation and an additional ∼40 fs to
dissociate into NO+ .

4.2

Experimental Analysis

Figure 4.1 displays mass spectra of NM taken using probe delays of +110 fs (top) and −400 fs
(bottom) taken with pump and probe intensities of 6×1013 and 8×1012 W cm−2 , respectively.
The spectra were normalized with respect to the parent ion signal at negative delay (−400 fs)
for comparison, with relative integrated ion signals indicated on the figure. In both spectra,
the ion signals decrease in yield in order of NM+ , NO+ , NO2+ , and CH3+ , consistent with
earlier femtosecond laser mass spectrometry studies. 57,58,62,113 At positive delay, both the
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parent NM+ and NO+ signals decrease slightly, whereas NO2+ exhibits a similarly small
increase. In contrast, the most striking change is the doubling of the relative yield of the
CH3+ signal at +110 fs delay.
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Figure 4.1: Mass spectra of NM taken at pump-probe delays of −400 fs
(dark blue, bottom) and +110 fs (dark red, top).

The transient ion yields of NM+ , NO+ , NO2+ , and CH3+ taken over the delay range of
−500 fs to +10500 fs are shown in Figure 4.2, with the inset magnifying the dynamics over

the range of −150 to +750 fs. A slight depletion in the parent NM+ (red) and enhancement
of NO2+ (blue) yields are visible after +50 fs delay with no further dynamics, as seen in
the inset. The NM+ and NO2+ signals can therefore can be said to be anticorrelated, that
is, the enhanced NO2+ yield at positive delays comes from excitation of the parent NM+ .
Similarly, the NO+ (magenta) and CH3+ (green) signals are anticorrelated: the minimal NO+
and maximal CH3+ signals are observed at a delay of 110 fs, after which the NO+ signal
grows and the CH3+ signal decays, suggesting that competing reaction pathways lead to the
formation of these fragments.
To further support the contention that NO+ and CH3+ arise from competing pathways,
their transient ion signals at pump-probe delays τ ≥ 110 fs, S(τ), were fit to the equation
S(τ) = ae−τ/T1 + be−τ/T2 + c

(4.6)

where a, and b are amplitudes, T1 and T2 are time constants, and c is the signal yield as
τ → ∞. The experimental transient ion yields for NO+ and CH3+ along with their fit to
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Figure 4.2: Transient ion yields of CH3 NO2+ (red), NO2+ (blue), NO+ (magenta), and CH3+ (green) as a function of pump-probe delay. Inset: magnified dynamics near zero delay with indicated delays at +50 fs (cessation of
NM+ and NO2+ dynamics) and +110 fs (maximum CH3+ and minimum NO+
yields).

eq (4.6) can be seen in Figure 4.3, with the corresponding fit coefficients in Table 4.1. The
fact that both T1 and T2 have similar values and their amplitudes have inverse signs in NO+
and CH3+ (Table 4.1) provides strong evidence that the pathways producing NO+ and CH3+
fragments are in competition.
signal
NO+
CH3+

a
−0.030 ± 0.006
0.049 ± 0.002

T1 (fs)
490 ± 140
420 ± 30

b
−0.034 ± 0.006
0.023 ± 0.002

T2 (fs)
2800 ± 700
3500 ± 600

Table 4.1: Coefficients extracted from fitting transient ion signals in Figure
4.3 to eq (4.6).

4.3

Verification of Dissociation Pathways

To verify the dissociation pathways previously obtained with DFT 62 , the structures and energies obtained with CCSD(T) are shown in Figure 4.4. The NNR pathway is initiated through
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Figure 4.3: Transient ion yields of NO+ (magenta dots) and CH3+ (green
dots) fit to eq 4.6 (solid lines).

TS1 at 12.02 eV to produce trans-methylnitrite at 10.37 eV, which undergoes fragmentation
spontaneously through TS2 into OCH3 and NO+ (Figure 4.4a). In all steps, the agreement
between CCSD(T) and DFT 62 energies is within 0.01 eV. Moreover, the activation barrier of
0.54 eV to reach TS1 is in close agreement with the experimentally reported NNR barrier of
0.64 eV 52 . NM+ directly dissociates into CH3+ + NO2 and NO2+ + CH3 , with no transition
state, requiring 12.58 eV and 12.29 eV respectively (Figure 4.4b). The energy difference between the formation of NO2+ and CH3+ is found to be higher using CCSD(T)/aug-cc-pVTZ:
0.29 eV as compared to 0.13 eV obtained with DFT 62 .
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Figure 4.4: NM+ fragmentation pathways using CCSD(T)/aug-cc-pVTZ:
(a) NNR and NO+ formation; (b) Direct dissociation into NO2+ or CH3+ .
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4.4

Excited State Calculations

To identify the electronic excited states that contribute to NM+ dissociation, TDDFT and
EOM-CCSD calculations at selected geometries of NM were performed. The results of
EOM-CCSD excited state calculations of the cation at neutral geometry (S0 ), the parent NM+
(D0 ), and the trans-methylnitrite cation are shown in Figure 4.5. The low-lying D1 and D2
states at the S0 geometry are accessible within the energy of the pump pulse at 0.95 eV
(dark red arrow). In agreement with the experimental photoelectron spectra 120 , the density
of states calculations for NM+ shows a significant population of the first and second photoelectron bands that encompass the first three electronic states. Hence, the ionizing pump
pulse likely populates mixture of the D0 , D1 , and D2 states. Upon relaxation of NM+ to the
D0 geometry, the weakly allowed D0 → D2 transition at 2.05 eV is nearly resonant with the
1.91 eV energy of the probe pulse (orange arrow, Figure 4.5). Because the transient signals
of the parent NM+ and the fragment NO2+ ions are anticorrelated (Figure 4.2), the direct
dissociation of NM+ into NO2+ and CH3 is assigned to the D0 → D2 transition at the D0
geometry. Moreover, the modest NO2+ enhancement of only ∼20% when saturated at high
probe intensities exceeding ∼7 × 1012 W cm−2 is consistent with the weak coupling of the
D0 and D2 states seen in the oscillator strength of 0.0011 a.u. Once NM+ has undergone
NNR to form the trans-methylnitrite structure, the probe photon energy cannot populate any
of the excited states. As a result, direct excitation of trans-methylnitrite does not contribute
to dissociation.
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Figure 4.5: Excited states of the cation at neutral geometry, S0 , the parent
NM+ , D0 , and the intermediate trans-methylnitrite with EOM-CCSD/augcc-pVTZ.

The high yield of NO+ in the mass spectrum relative to other fragments at negative time
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delay (Figure 3.1) indicates the parent NM+ can spontaneously undergo NNR and dissociate
to form NO+ according to the pathway in Figure 4.4a without further excitation by the probe
pulse. Because the pump pulse populates a mixture of the D0 , D1 , and D2 states and the
TS1 barrier computed by EOM-CCSD lies only 0.04 eV above the D2 state at the neutral
geometry, we conclude that the NNR pathway is initiated by initial population of D2 . As
indicated by the dark red arrow in Figure 4.5, absorption of an extra 1300 nm photon during
strong-field ionization can populate D2 . This conclusion is consistent with the pump-probe
data (Figure 4.2) showing completely different dynamics for the NO+ ion (i.e., the product of
NNR) and the parent NM+ ion (which doesn’t undergo NNR). Upon ionization into D2 , the
NM+ ion is expected to relax to the D0 state in less than 50 fs on the basis of measured sub-50
fs lifetimes of neutral NM excited states. 121 This relaxation from D2 to D0 combined with the
excess energy from absorption of an extra pump photon would provide the requisite energy
to overcome the NNR activation barrier, resulting in NO+ observed in the mass spectrum.
Whereas fragmentation to form NO+ and NO2+ can be assigned to population of the D2
state in NM+ at the S0 and D0 geometries, respectively, the origin of the substantial enhancement of CH3+ yield ∼110 fs after ionization and its anticorrelation with NO+ (Figure 4.3)
requires additional investigation. Due to the competition between NO+ and CH3+ formation,
the probe-induced excitation to produce CH3+ must occur along the pathway to NNR, but
before the TS1 geometry is reached. Since TS1 has a substantially elongated C–N bond
of 2.28 Å, a scan of the C–N bond length from the optimal value of 1.48 Å to 2.03 Å and
computation of the excited states at each geometry were performed.
Figure 4.6a shows the energies of the D0 through D3 states and oscillator strengths coupling D0 to the excited states (Figure 4.6b) as a function of C–N bond length, calculated at
the TDDFT level (connected dots) in increments of 0.05 Å and at the EOM-CCSD level (plus
signs) for C–N distances of 1.48 Å, 1.63 Å, and 1.88 Å. The energy gaps between D0 and
D1 /D2 computed with TDDFT and EOM-CCSD exhibit good agreement to within 0.2 eV at
each geometry. The probe pulse (orange arrow) can access D2 at C–N distances below 1.7
Å, with weak coupling of ∼0.001 a.u. At bond distances longer than 1.7 Å, the probe can
access D1 with substantially stronger coupling, reaching ∼0.007 a.u. when the probe energy
is nearly resonant with the D0 → D1 transition at 1.88 Å. The transition of coupling from
D2 to D1 at C–N distances exceeding 1.7 Å can be explained by the previous observation
of a bifurcation point at this bond length where the charge of the NO2 and CH3 fragments
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are both equal to +0.5e. 62 The apparent switching of the D1 and D2 states at C–N distances
exceeding 1.7 Å is further confirmed by the molecular orbital shapes for the D1 and D2 states
at 1.48 Å, 1.63 Å, and 1.88 Ågeometries shown in Figure 4.6c. Whereas orbital shapes for
D1 and D2 are consisted with the cation at 1.63 Å, the D1 molecular orbital at 1.88 Å matches
the shape of the D2 orbital at 1.48 Å. Due to the much stronger coupling to D1 at 1.88 Å than
to D2 at the D0 geometry, we conclude that the fragmentation of CH3+ is a result of excitation
to D1 at a geometry with bond distance of approximately 1.88 Å.
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4.5

Molecular Dynamics Simulations

To determine the timescale required for the NNR pathway and subsequent fragmentation into
NO+ , AIMD simulations were conducted. Previous literature clearly defines the methodologies that govern AIMD as compared to classical molecular dynamics simulations. 122 The
MD trajectories were initiated both with the energy of TS1 and with excess energy of 0.04–
0.13 eV to model the initial absorption of an extra pump photon and population of D2 during
ionization. Averaging of 10 trajectories with different excess energy reveals a threshold at
0.12 eV, for which the NNR and NO loss occur in less than 500 fs (Table 4.2). Comparing
these results with the T1 timescale of 420–490 fs extracted from the pump-probe dynamics
(Figure 4.3 and Table 4.1), 0.12 eV excess energy appears to be within relative agreement
with the experimental results. To confirm this assertion, 100 trajectories with and without
0.12 eV were performed.
Excess E (eV)

NNR (fs)

NO loss (fs)

0

558 ± 156

590 ± 153

0.04

772 ± 288

732 ± 205

0.09

609 ± 189

712 ± 179

0.11

646 ± 284

688 ± 298

0.12

374 ± 121

445 ± 148

0.13

345 ± 132

354 ± 120

Table 4.2: AIMD simulation time for NNR and NO loss averaged over 10
trajectories.

The resulting average timescales of the NNR over 100 trajectories with and without 0.12
eV excess energy are 435 ± 209 fs and 653 ± 214 fs respectively (Table 4.3). The agreement
between the MD simulations with 0.12 eV excess energy and experimental dynamics further
supports the assertion that NNR in NM+ is initiated by absorption of an extra pump photon
and ionization into the D2 state. The large time uncertainties are due to the variability of the
trajectories within the AIMD simulations: with 0.12 eV excess energy, the fastest trajectory
required only 37 fs for NNR and NO+ loss, whereas the slowest trajectory took 1196 fs. A
similarly large timescale range of 109–1168 fs was observed with no excess energy. This
broad range of reaction times is consistent with the presence of a roaming transition state. 119
Further evidence for roaming comes from the broad range of C–N bond distances sampled
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along the trajectories prior to NO loss. Over the 100 sampled trajectories and limiting bond
distance sampling to times at least 60 fs prior to NO loss, the average maximum bond distances sampled within the roaming regions were 2.64±0.39Å and 2.70±0.49Å, for 0 and 0.12
eV excess energy, respectively (Table 4.3). The associated ranges of maximum bond lengths
are 2.11–3.74Å and 1.54–4.12Å. Ultimately, 78% and 73% of runs with and without excess
energy confirmed the loss of NO+ after the NNR.
Excess E (eV)

NNR (fs)

NO loss (fs)

Max. C–N length (Å)

0

653 ± 214

672 ± 198

2.64 ± 0.39

0.12

435 ± 209

470 ± 183

2.70 ± 0.49

Table 4.3: AIMD simulation time for NNR and NO loss, along with maximum sampled C–N bond length for simulations with and without 0.12 eV
added energy averaged over 100 trajectories.
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Figure 4.7: Comparison of AIMD simulations trajectories as measured by
the dissociation of the C-N bond without added energy (red) and with 0.12
eV of added energy (blue) using using ωb97X-D/6-31G(d).

The progress of NNR and dissociation along the C–N bond length coordinate are shown
in Figure 4.7a for representative trajectories with 0.12 eV excess energy (blue) and no excess
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energy (red). These trajectories are arbitrary composites of a selected forward and reverse
trajectory beginning from the TS1 structure. For both trajectories, the C–N bond length
rapidly increases from the cation optimum of ∼1.5 Å to ∼2 Å within 100 fs, consistent with
both the observation of maximum CH3+ yield at ∼110 fs (Figure 4.3) and strong coupling
between D0 and D1 at the elongated C–N distance of 1.88 Å (Figure 4.6). The oscillations
within the C–N bond lengths between 300 and 500 fs seen in Figure 4.7a are consistent with a
roaming TS 119 . The progress of these trajectories with respect to the C–N bond distance and
the H–C–N bond angle are shown in Figure 4.6b and c for 0 eV and 0.12 eV excess energy.
Both trajectories sample a wide range of H–C–N angles while the C–N bond length oscillates
between 2–3 Å, before NO+ loss bond lengths of 3.48 and 4.01Å, respectively. Similar to the
roaming transition state identified in neutral NM 119 , these regions of almost free rotation are
indicative of TS1 being a roaming transition state.

4.6

Conclusions

This work explored the dynamics of nitro-nitrite rearrangement and dissociation in nitromethane
radical cation through a combination of pump-probe measurements, ground and excited state
electronic structure calculations, and ab initio molecular dynamics simulations. To the best
of our knowledge, this is the fist time a roaming mechanism has been reported for isomerization and dissociation in a radical cation. Intact NM+ ion is observed upon ionization into the
D0 state by the strong-field pump pulse, whereas NO+ is observed after ionization into the
D2 state, followed by NNR and dissociation of the CH3 ONO+ intermediate. The absorption
of an extra pump photon that populates D2 provides the excess energy needed to overcome
the energetic barrier to NNR. The AIMD results in this work indicate that NNR and the subsequent dissociation to CH3 O and NO+ proceeds through a roaming transition state and is
completed in less than 500 fs, which matches the timescales found from numerous studies
on neutral nitromethane. Direct dissociation of NM+ can be induced by optical excitation at
650 nm, with the charged fragment determined by the initial NM+ geometry. Formation of
CH3+ is attributed to a D0 → D1 excitation at a geometry with elongated C–N bond length of
∼1.88 Å that is reached along the trajectory to NNR, whereas direct dissociation to NO2+ is

attributed to a weakly allowed D0 → D2 transition at the relaxed NM+ geometry. These results indicate that control over the charge state of the fragments produced upon radical cation
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dissociation can be achieved by optical excitation at different locations on the D0 potential
energy surface, thereby opening up a means of selective control over molecular dissociation.
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Chapter 5

Organic Phosphates: DMMP, DIMP,
DEMP
The following study is from our previously published article, Probing Coherent Vibrations
of Organic Phosphonate Radical Cations with Femtosecond Time-Resolved Mass Spectrometry. 2

5.1

Motivation and Background

Organic phosphates and phosphonates comprise important cellular components including the
DNA backbone, lipid membranes, and post-translationally modified proteins. The phosphate group in DNA is a primary target of radiation-induced damage, where one-electron
oxidation of the phosphate results in formation of sugar radicals that induce lesions such as
single- and double-strand breaks 63 . Due to the importance of understanding the dynamics
and chemical mechanisms leading to DNA damage upon one-electron oxidation of the sugarphosphate backbone, many experimental techniques have been applied for this purpose. For
instance, experiments conducted at cryogenic temperatures have identified the structures
of sugar radicals formed by one-electron phosphate oxidation in γ-irradiated DNA 123 . Picosecond time-resolved electronic spectroscopy of nucleotides irradiated with 5 ps electron
pulses has determined lifetimes of phosphate radicals and timescales of backbone-to-base
hole transfer 124,125 . Mass spectrometry is also widely used to characterize the products of
radiation-induced DNA damage including modified sugars and bases 126 . While these studies
provide significant insight into how one-electron oxidation of the sugar-phosphate backbone
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leads to DNA damage, little is known about how vibrational excitations in oxidized phosphates may influence reaction mechanisms leading to DNA damage.
Femtosecond time-resolved mass spectrometry (FTRMS) is uniquely suited to resolve
vibrational excitations in molecular radical cations such as one-electron oxidized organic
phosphates. FTRMS of radical cations is a pump-probe technique that involves (1) ionization of the target molecule with an intense fs laser “pump” pulse to produce the molecular
cation, followed by (2) excitation of the cation with a weaker “probe” pulse that induces
dissociation. The resulting fragment ions are then detected in a time-of-flight mass spectrometer. The exceptionally short duration and broad bandwidth of the ionizing pump pulse
results in the simultaneous population of multiple excited vibrational states with accessible
Franck-Condon factors in the cation, which creates a coherent superposition, or vibrational
“wave packet” 127 . Tracking the subsequent ultrafast dynamics of the wave packet with probe
excitation has revealed how coherent vibrational excitation leads to bond dissociation in a
number of polyatomic radical cations 17,82,83,90–92,94,95,98,99,128–130 . While FTRMS measurements are inherently in the gas phase, the fundamental insights into molecular dissociation
dynamics of molecules independent of solvent effects provide a baseline for comparison to
solution-phase studies, as noted in recent reviews of DNA electronic excited-state dynamics
measurements with FTRMS 19,131 .
While these studies provide significant insight into how one-electron oxidation of the
sugar-phosphate backbone leads to DNA damage, little is known about how vibrational excitations in oxidized phosphates and phosphonates may influence reaction mechanisms leading
to DNA damage.
Recently, due to its simplicity to study experimentally, we reported on coherent vibrational dynamics in the radical cation of dimethyl methylphosphonate (DMMP), a model
of the DNA sugar-phosphate backbone 82 . In this work, we compare the vibrational dynamics in DMMP to the related molecules diethyl methylphosphonate (DEMP) and diisopropyl methylphosphonate (DIMP) (Scheme 5.1). The methylphosphonates under investigation model not only the DNA sugar-phosphate backbone, but also an important class of
phosphonate natural products that have antibacterial and other interesting properties 132 . Although the present study considers neutral molecules instead of the anions present under
biological conditions, formation of radical cations in our experiments can be considered in
analogy to the formation of neutral radicals via one-electron oxidation in biological systems.
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The similarities and differences in the coherent vibrational dynamics across this molecular series reveal important information about how small changes in molecular structure can
influence the ionization-induced vibrational dynamics and subsequent bond-dissociation reactions. These results not only provide insight into the potential contributions of vibrational
excitation to ionization-induced reactions of biologically relevant organophosphorus compounds, but also raise the possibility of distinguishing between similar molecules with mass
spectrometry through the unique vibrational signatures reflected in their fragment ions. Similarly, we also compare the hydrogen transfer rearrangements within DMMP to that of the
rearrangement and fragmentation pathways of trimethylphosphate (TMP).

Scheme 5.1: Structures of molecules investigated in this work.

5.2

Experimental Analysis

DMMP
Figure 5.1(a) shows the transient ion signals of DMMP that exhibit oscillations: parent
molecular ion DMMP·+ (m/z = 124, red), PO3 (CH3 )3+ (m/z = 109, orange), PO2 C2 H7+ (m/z
= 94, gold), PO2 (CH3 )2+ (m/z = 93, green), and PO2 CH4+ (m/z = 79, blue). All ion signals
are normalized to the parent ion yield at negative delay and shifted on the ordinate axis to
unity at negative delay to illustrate the relative change in each signal upon interaction with
the probe pulse. At positive delays, the depletion of the DMMP·+ and PO2 C2 H7+ signals
and enhancement of the PO3 (CH3 )3+ , PO3 (CH3 )2+ , and PO2 CH4+ signals indicates that the
probe pulse induces formation of the latter enhanced species via excitation of the depleted
DMMP·+ 17,82,83,90–92,94,95,98,99,128–130 . The dark solid lines denote fits to a multiexponenetial decay function. The residual ion signals upon subtraction of the multiexponential decay
function are shown in Figure 5.1(b). The first maximum and minimum of the parent signal
are indicated by the dashed and dotted lines, respectively. All fragment ion signals oscillate approximately antiphase with the parent signal; they exhibit a maximum at the dotted
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line and a minimum at the dashed line. The antiphase oscillations indicate that these dissociation products are formed upon probe pulse excitation when the vibrational wave packet
passes through a geometry with strong dipole coupling to one or more excited states that are
accessible by the probe photon energy 17,82,83,90–92,94,95,98,99,128–130 . The oscillation period
therefore determines the vibrational frequency of the coherently excited normal mode, which
can be obtained by Fast Fourier Transform (FFT) of the time-dependent residual ion signals.
FFT was performed over the sampling window of 35 − 2500 fs with 5 fs resolution, yielding a frequency resolution of 14 cm−1 . The FFT frequency spectra (Figure 5.1(c)) exhibit
a strong peak at 732 ± 28 cm−1 (error estimated by the peak full width at half maximum).
This peak is slightly down-shifted from the 750 cm−1 frequency reported in Ref. 82 , although
the observed frequencies agree to within the estimated error. The DMMP·+ spectrum also
contains a distinct shoulder in the range of 610 − 650 cm−1 that was not visible in the previous investigation, likely because the slow exponential dynamics were not subtracted off
prior to implementing the FFT or because the longer sampling window in the present work
results in better frequency resolution. The lower intensity of the shoulder peak suggests that
its associated mode has a lower probability of being excited than the mode associated with
the main peak.
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Figure 5.1: (a) Transient signals of DMMP·+ (m/z = 124, red), PO3 (CH3 )3+
(m/z = 109, orange), PO2 C2 H7+ (m/z = 94, gold), PO2 (CH3 )2+ (m/z = 93,
green), and PO2 CH4+ (m/z = 79, blue). The dark solid lines denote fits to a
multiexponential decay function. (b) Residual ion signals after exponential
dynamics are subtracted. Dotted horizontal lines denote zero residual for
each signal. Solid and dashed vertical linesdenote the first minimum and
maximum of the parent ion yield, respectively. (c) FFT of residual ion signals
in (b).

The dissociation products analyzed in Figure 5.1 have been observed in numerous mass
spectrometry studies of DMMP 81,133–140 . Their assigned structures based on these studies
and our recently reported theoretical calculations 81 are given in Scheme 5.2. While the m/z
= 109 and 93 structures result from direct cleavage of a methyl and methoxy group, respectively, the m/z = 94 and 79 structures involve hydrogen atom migration to the phosphate oxygen atom. This hydrogen migration has been likened to keto-enol isomerization 135 (Scheme
5.3) and has a transition state barrier of 0.42 eV from the relaxed ion geometry, with only
an additional 0.03 eV required to lose CH2 O and form PO2 C2 H7+ according to our recent
calculations 81 . The present FTRMS results indicate that this dissociation pathway can be
induced by probe excitation of the parent cation.
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Scheme 5.3: H-atom shift in DMMP·+ to form the enol isomer.

DEMP
Figure 5.2(a) shows the transient ion signals of DEMP: DEMP·+ (m/z = 152, magenta),
PO3 H3 H10+ (m/z = 125, orange), PO3 CH6+ (m/z = 97, green), and PO2 CH4+ (m/z = 79,
blue). The signals are normalized to yields at negative time delay as in Figure 5.1(a). The
fit coefficients to a multiexponential decay function are thesolid lines in Figure 5.2(a). The
residual ion signals are plotted in Figure 5.2(b). Unlike in DMMP, the DEMP ion signals
exhibit at most one or two visible oscillations, primarily before 100 fs delay, although the
parent signal exhibits a revival at 210 fs delay. Also of note is that the first minimum (dotted line) and maximum (dashed line) of the parent ion signal do not correspond to maxima
or minima of the dissociation products, although the PO3 CH6+ yield exhibits a minimum
at the delay indicated by the dashed line. We hypothesize that this lack of a well-defined
phase relationship between the parent and fragment ion oscillations causes extremely rapid
disappearance of the oscillations. This situation could arise if the maximum probability of
producing each fragment ion occurs at a different position of the vibrational wave packet.
The resulting destructive interference between different excitation pathways would preclude
clear observation of the wave packet motion in the ion signals. In any case, the lack of wellresolved oscillations precludes effective FFT analysis of the oscillatory dynamics, with no
signal clearly visible above the noise (Figure 5.2(c)), although the broad width of the feature
around 580 cm−1 suggests a possible weak signal.
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Figure 5.2: (a) Transient signals of ions from DEMP: DEMP·+ (m/z = 152,
magenta), PO3 H3 H10+ (m/z = 125, orange), PO3 CH6+ (m/z = 97, green), and
PO2 CH4+ (m/z = 79, blue). The dark solid lines denote fits to a multiexponential decay function. (b) Residual ion signals after exponential dynamics
are subtracted. (c) FFT of residual DEMP·+ signal in (b).

The structures of DEMP·+ and fragment ions taken from literature reports 138,139 are
shown in Scheme 5.4. These fragments have been reported to form along a sequential dissociation pathway beginning from the parent ion: m/z = 152 → 125 → 97 → 79 139 . The first
two steps involve McLafferty rearrangements 64 , as shown in Scheme 5.5. Two hydrogen
atoms migrate in the first step, resulting in simultaneous loss of C2 H3 (27 amu) to form the
PO3 C3 H10+ ion. A single hydrogen atom migration in the second step results in subsequent
loss of C2 H4 (28 amu) to form the PO3 CH6 ion, which can subsequently lose H2 O to form
PO2 CH4+ 138,139 . This complex sequence of dissociative rearrangement reactions in DEMP·+
may be expected to destroy any initially prepared vibrational coherence if the hydrogen migrations are sufficiently fast, which would explain the lack of well-defined oscillations in the
ion yields shown in Figure 5.2. However, our results on DIMP do not support this assertion,
as discussed below. Therefore, we attribute the lack of long-lived coherence to the phase
offsets of each product ion visible in Figure 5.2(b), which will require further investigation
of the relevant excited states to explain.

Chapter 5. Organic Phosphates: DMMP, DIMP, DEMP

O

OH

P O
O

m/z = 152

55

OH

OH

P OH
O

P OH
OH

m/z = 125

m/z = 97

P

O

m/z = 79
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Scheme 5.5: McLafferty rearrangement mechanism in DEMP.

DIMP
Figure 5.3(a) shows transient ion signals of DIMP: DIMP·+ (m/z = 180, violet), PO3 C4 H12+
(m/z = 139, orange), PO3 C3 H8+ (m/z = 123, gold), PO3 CH6+ (m/z = 97, green), and PO2 CH4+
(m/z = 79, blue). Signals are normalized as in Figures 5.1(a) and 5.2(a), with the exception
that the DIMP·+ signal is magnified by a factor of 10 due to its small yield in the mass spectrum (c.f., Figure 3.1). The residual ion signals in Figure 5.3(b) show more well-resolved oscillations than DEMP, with the oscillations in PO3 C4 H12+ resolved at delays longer than 500
fs. The dotted and dashed lines indicating a minimum and maximum of the DIMP·+ yield, respectively, show that this PO3 C4 H12+ fragment exhibits perfectly in-phase oscillations with
the parent ion. In-phase oscillations of parent and fragment ions in polyatomic molecules
have not previously been observed in FTRMS experiments 17,82,83,90–92,94,95,98,99,128,129 and
suggest that dissociation of DIMP·+ to form PO3 C4 H12+ occurs spontaneously without probe
excitation. The oscillations of the smaller dissociation product PO3 C3 H8+ are approximately
antiphase with DIMP·+ and PO3 C4 H12+ , suggesting it can be formed upon probe excitation
of the parent ion. Meanwhile, the oscillations of PO3 CH6+ and PO3 CH4+ are somewhat
phase-shifted from the larger transients but approximately antiphase with each other. These
complex phase relationships may point to the presence of two different wave packets, as
suggested in FTRMS experiments on acetophenone 91 , although further investigation will be
needed to test this hypothesis. FFT of the ion signals over the 30 − 2500 fs window yields a
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prominent peak at approximately 554±28 cm−1 and a weaker peak in the range of 670−720
cm−1 .
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Figure 5.3: (a) Transient signals of ions from DIMP: DIMP·+ (m/z =
180, violet, magnified by a factor of 10), PO3 C4 H12+ (m/z = 139, orange),
PO3 C3 H8+ (m/z = 123, gold), PO3 CH6+ (m/z = 97, green), and PO2 CH4+
(m/z = 79, blue). The dark solid lines denote fits to a multiexponential decay
function. (b) Residual ion signals after exponential dynamics subtracted. (c)
FFT of residual PO3 C4 H12+ , PO3 C3 H8+ , and PO3 CH6+ ion signals in (b).

The structures of DIMP fragment ions are shown in Scheme 5.6. Previous mass spectral studies of DIMP indicate that it undergoes a sequential dissociation pathway analogous
to DEMP: m/z = 180 → 139 → 97 → 79 via two McLafferty rearrangements (Scheme
5.5) 138,139 . The m/z = 123 product is formed through the sequence m/z = 180 → 165 →
123, which involves the direct cleavage of the methyl group followed by C3 H6 loss via a
McLafferty rearrangement 139 . While these dissociative rearrangement reactions resemble
those in DEMP, the preservation of ion yield oscillations over ∼500 fs in DIMP suggests that
these reactions either do not destroy the initial vibrational coherence or occur on a slower
timescale than the coherence lifetime.
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Assignment of Coherently Excited Vibrational Modes

Coherent vibrational excitation in radical cations arises due to the mismatch between the
molecular geometries of the neutral and radical cation. For instance, many substituted benzenes exhibit planar or near-planar geometry as neutrals but non-planar geometry as radical
cations, which induces coherent excitation of the torsional vibration of the substituent with
respect to the benzene ring 17,83,90–92,98,99,130 . Our recent results on DMMP indicated that
the lengthening of the P−O bond and changing angles of the methoxy substituents induces
excitation of the O−P−O bending mode that includes P−O and P−C stretching 82 . To predict
whether similar geometrical changes occur in DEMP and DIMP, the neutral and cation geometries were computed at the B3LYP/6-311+G* level. The computed geometries of DMMP
agree with previous results 81,82,141 and serve to benchmark the method for DEMP and DIMP.
Figure 5.4 depicts the neutral and cation geometries of DMMP, DEMP, and DIMP with the
P=O, P−O, P−C, and C−O bond lengths and O−P−O angle labeled. The associated vertical ionization potentials (IPvert ) and cation relaxation energies (Erelax ) for each molecule are
listed in Table 5.1. We note that the location of the unpaired electron in the relaxed cations
remained on the oxygen atom initially double-bonded to the phosphorus atom; the known
radical migrations in these molecules are associated with hydrogen atom transfers shown in
Figures 5.3 and 5.5 64,81,134–140 .
neutral
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1.48 Å
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Figure 5.4: Neutral and cation geometries of DMMP, DEMP, and DIMP
with selected bond lengths and angles labeled.

1.52 Å
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neutral E (Hartree)

relaxed cation E (Hartree)

IPvert (eV)

Erelax (eV)

DMMP

-686.8138

-686.4663

10.31

0.66

DEMP

-765.4112

-765.0739

9.82

0.64

DIMP

-844.0129

-843.6786

9.55

0.58

molecule

Table 5.1: Computed ionization and relaxation energies.

Ionization induces a number of analogous geometrical changes across the methylphosphonate series as observed in Figure 5.4. First, the P=O bond lengthens by 6.8% and the
P−C bond shortens by 1.7% in each molecule. Second, the O−P−O angle increases from
102 − 106◦ in the neutrals to 117◦ in the cations. Third, P−O single bonds shorten by

1.9−4.3% in each molecule, but DMMP·+ exhibits identical P−O bond lengths, while one of
the P−O bonds becomes slightly shorter than the other in both DEMP·+ and DIMP·+ . Finally,
both C−O bonds lengthen by approximately 3% in each cation. These geometric changes are
expected to induce coherent excitation along one or more associated vibrational modes in
each molecule.
To identify potential coherently excited vibrations, the normal modes for both the neutral
and cation geometries of DMMP, DEMP, and DIMP were computed and compared to experimental IR and Raman measurements 4–6,142 . The rough agreement of the computed spectra of
the DMMP, DEMP, and DIMP neutrals with experimental measurements is similar to recent
computational studies of the IR spectra of these molecules 141,143 . Based on these computed
normal modes, the ionization-induced geometrical changes, and experimentally observed oscillation frequencies, we focus on a cluster of three normal modes labeled A, B, and C with
computed frequencies for the neutrals and cations given in Table 5.2 and illustrations of the
motions given in Figure 5.5. Modes A and B have been defined as symmetric and asymmetric
O−P−O bending modes, and mode C as the P−C stretch 144 , although additional motions are
clear from Figure 5.5.
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DEMP

DMMP

DIMP

neutral

cation

neutral

cation

neutral

cation

A

672 (712a )

659

689 (715 b )

656

690 (719c )

651

B

759 (786a )

761

765 (771 b )

711

742 (748c )

665

C

794 (818a )

767

788 (806 b )

756

778 (791c )

750

Table 5.2: Computed vibrational energies of DMMP, DEMP, and DIMP in
cm−1 . Experimental values given in parentheses. a: Ref. 4 ; b: Ref. 5 ; c :
Ref. 6 .

The 732 ± 15 cm−1 coherent oscillations in DMMP·+ were previously assigned to mode
C 82 . This mode was computed at 752 cm−1 using an anharmonic correction 82 , and our
current computations with no anharmonic correction predict this mode at 767 cm−1 , in
agreement with the previous uncorrected results in Ref. 82 . The additional shoulder peak at
610 − 650 cm−1 visible in Figure 5.1(c) can be attributed to mode A, the symmetric O−P−O

bend. While modes B and C have almost identical frequencies, excitation of mode C is more
likely because it involves symmetric motions of the two methoxy substituents, which have
nearly identical geometric parameters in the DMMP·+ (Figure 5.4). As a result, it is unlikely
that the asymmetrical motions of mode B would be excited by ionization.
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Figure 5.5:

Potential coherently excited vibrational modes in DMMP,
DEMP, and DIMP.

In DEMP, the lack of sufficient resolution of oscillations precludes the assignment of any
coherently excited normal modes, although the potential weak feature around 580 cm−1 in
Figure 5.2(c) could arise from excitation of mode A. In DIMP, the strong feature at 554 ± 15
cm−1 observed in Figure 5.3(c) is most likely due to mode A even though the calculated
frequency exceeds the experimental frequency by around 100 cm−1 because the geometrical
changes in P−O and C−O bond lengths in Figure 5.4 are consistent with the motions of mode
A in Figure 5.5. The weak peak in the range of 670 − 720 cm−1 is most likely attributable to
mode C; a similar overestimation of this frequency in the calculations is observed. As with
DMMP, excitation of mode B in DIMP·+ is unlikely due to its asymmetric motion and the
symmetric geometrical changes upon ionization.
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Hydrogen Transfer in DMMP and TMP

To further study the hydrogen migration and keto-enol isomerizations within DMMP·+ , the
dissociation pathway of the fragmentation into the m/z= 94 structure was investigated. Based
on our previous studies 81 , due to the size and electronic structure within DMMP·+ , there
are many conformers for the radical cation structure; however, the lowest energy conformer
is that of a symmetric geometry, as depicted in Figure 5.4. Using B3LYP/6-311++G* level
of theory to optimize the structures, the HT of DMMP·+ has an energetic barrier of 0.63
eV above the relaxed cation, as seen in Figure 5.6. This is in agreement with previous literature, for which the energetic barrier was found to be 0.42 eV. 81 It should be noted that
the hydrogen-transfer intermediate reported is the lowest energy conformer, but at least nine
other conformers were described to possibly participate in the keto-enol isomerization. These
isomers were all within 1 eV difference in energy of the lowest energy conformer. The transition state associated with the formaldehyde loss is 0.41 eV lower than the transition state
associated with the hydrogen migration, for this reason, the production of m/z=94 is a spontaneous product of the keto-enol isomerization.

Figure 5.6: Energy profile for the keto-to-enol isomerization of DMMP·+
and its dissociation into PO2 C2 H7+ and CH2 O. Structures and energies are
calculated at the B3LYP/6-311++G* level.

To compare the use of phosophonates as a model of the phosphate backbone of DNA,
the keto-enol isomerizaton within DMMP·+ is compared to that within TMP·+ . In TMP·+ ,
as computed at B3LYP/6-311+G* level of theory seen in Figure 5.7, the predicted keto-enol
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isomeization undergoes a similar pathway to that of DMMP·+ . The hydrogen migration has
an energetic barrier of 0.55 eV from the relaxed cation. This is 0.18 eV lower than that
calculated for DMMP·+ . Similarly, the transition state for the formaldehyde loss is 0.21 eV
lower than that for the hydrogen migration, making the formaldehyde loss within TMP·+ also
spontaneous. These calculations may serve as a strong baseline for future studies to further
compare these models.

Figure 5.7: Energy profile for the keto-to-enol isomerization of TMP·+ and
its subsequent fragmentation of formaldehyde. Structures and energies are
calculated at the B3LYP/6-311++G* level.

5.5

Conclusion

Femtosecond time-resolved mass spectrometry was used to record fragmentations of radical
cations of the methylphosphonate series of molecules DMMP, DEMP, and DIMP. FFT analysis of the oscillatory ion signals yielded a strong 732 ± 15 cm−1 peak and weak 610 − 650
cm−1 feature in DMMP and strong and weak peaks at 554 ± 15 cm−1 and 670 − 720 cm−1 ,
respectively, in DIMP. DEMP exhibited less well-defined oscillations in ion yields and no
definitive frequency retrievable with FFT, although a weak feature around 580 cm−1 barely
visible above the noise was observed. DFT calculations of the cation vibrational modes in the
cations enabled assignment of the low- and high-frequency features in DMMP and DIMP to
the symmetric O−P−O bend and P−C stretch modes, respectively, and possible assignment
of the weak DEMP oscillations to the O−P−O bend. These results demonstrate the ability of FTRMS measurements to directly extract information about vibrational excitations in
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polyatomic cations that are models for biologically relevant organophosphorus compounds
using only mass spectrometric detection and can inform future development of the FTRMS
technique for bioanalytical applications.

64

Chapter 6

Conclusions and Future Work
This thesis focused on the computational study of radical cation rearrangements. Using a
strategic scheme of methods which confirm experimental analysis by building reaction mechanisms using DFT and CCSD(T) calculations, this thesis investigated the rearrangement and
fragmentation pathways of organic energetic and phosphonate molecules. In the first study
of 2-NT, the direct C−NO2 bond-cleavage reaction is confirmed as an initiation for TNT
detonation. Similarly, the H-attack and subsequent aci-rearrangement mechanism have an
energetic barrier of 0.76 eV above ionization. Once formed, the aci -nitro tautomer spontaneously loses −OH to form C7 H6 NO+ . Lastly, plausible mechanisms for the formation of the
dissociation products C7 H6 NO+ , C7 H7+ , and C6 H6 N+ are calculated. From this knowledge,
further study into the timescales of the hydrogen transfer through the study of deuterated
2-NT may be employed. Similarly, understanding the aci-rearrangement within 2-NT gives
a baseline for chemical intuition needed to study hydrogen transfers within larger molecules
directly such as TNT and RDX. Similarly, understanding the involvement of excited state
potential energy surfaces and possible conical intersections can give greater understanding
to specific excited state pathways within 2-NT. Understanding these pathways within 2-NT
will give the necessary ground work to understand plausible excited state involvement within
larger molecules, as described above, which are not as readily studied.
The second study of NM uses DFT, CCSD(T), and ab initio molecular dynamics to analyze the fragmentation into CH3+ , NO2+ , and NO+ . From theoretical analysis, NO2+ and
CH3+ are formed through direct cleavage of the C-N bond, whereas NO+ forms spontaneously upon nitro-nitrite rearrangement (NNR) of the NM+ cation. The “roaming” nitronitrite rearrangement (NNR) pathway is attributed to the excess energy resulting from initial
population of the electronically excited D2 state in the parent ion. The direct cleavage of the
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C–N bond fragments CH3+ as attributed to a strong D0 → D1 transition when the C–N bond is
stretched from its equilibrium value of 1.48 Å to 1.88 Å. Direct dissociation to produce NO2+
can be induced by a D0 → D2 transition. To continue building on the principles of roaming,
participation of the population of excited states, and investigation of specific fragmentation
patterns, NNR in larger molecules such as 4-NT can be calculated. With the understanding
that within the NM radical cation, the isomerization happens through the trans-methylnitrite
isomer, rather than the cis-methylnitrite isomer, there is chemical insight into the plausible
arrangement of the nitro-group along the toluene structure. More specifically, when studying increasingly large systems, parallels between experimental fragmentation patterns and
timescales with respect to molecular complexity can be investigated for the purpose of understanding the scalability of these molecular trends over larger systems. Also, from the
investigation of the roaming nature of the NNR reaction mechanism, further studies into
roaming mechanisms, specifically with the use of molecular dynamics simulations, may also
be studied.
Lastly, the third study of organic phosphonates determined the different fragmentations
of DMMP, DEMP, and DIMP radical cations. DMMP fragments into
cePO3(CH3)3+ (m/z = 109), PO2 C2 H7+ (m/z = 94), PO2 (CH3 )2+ (m/z = 93), and PO2 CH4+
(m/z = 79). DEMP fragments into PO3 H3 H10+ (m/z = 125), PO3 CH6+ (m/z = 97), and
PO2 CH4+ (m/z = 79). DIMP fragments into PO3 C4 H12+ (m/z = 139), PO3 C3 H8+ (m/z =
123), PO3 CH6+ (m/z = 97), and PO2 CH4+ (m/z = 79). Experimentally, hydrogen atom shifts
are observed for all atoms. This mechanism could be the mechanism for which experimentally observed sugar radicals are formed. As a result, further study into the hydrogen transfer
mechanisms for each of these atoms should be studied. While reported, the hydrogen transfer within DMMP and TMP are similar and both undergo low lying barriers for each, the
experimentally associated timescales were determined in this study. Molecular dynamics of
these molecules should be done as well to quantify the timescales for the hydrogen transfer
mechanisms.
With relation to the world at large, understanding these atomistic mechanisms give greater
insight into reactions to be computed on a larger scale, as reactions are not unimolecular. Further studies of all of these molecules can be done to model more "real-world" scenarios, such
as modeling multi-molecular systems and monitoring intramolecular interactions between
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these models; modeling these reactions in water using a polarized continuum model to compare the energetic barriers and timescales of solvent experiments with that of our gas-phase
reactions, and applying these findings to larger hybrid and coarse-grained models.

67

Bibliography
[1] Ampadu Boateng, D.; Word, M. D.; Gutsev, L. G.; Jena, P.; Tibbetts, K. M. Conserved Vibrational Coherence in the Ultrafast Rearrangement of 2-Nitrotoluene Radical Cation. The Journal of Physical Chemistry A 2019, 123, 1140–1152.
[2] Ampadu Boateng, D.; Gutsev, G. L.; Jena, P.; Tibbetts, K. M. Dissociation dynamics
of 3- and 4-nitrotoluene radical cations: Coherently driven C–NO2 bond homolysis.
The Journal of Chemical Physics 2018, 148, 134305.
[3] Boateng, D. A.; Word, M. D.; Tibbetts, K. M. Probing Coherent Vibrations of Organic
Phosphonate Radical Cations with Femtosecond Time-Resolved Mass Spectrometry.
Molecules 2019, 24, 509.
[4] Veken, B. J. V. D.; Herman, M. A. VIBRATIONAL SPECTRA OF CH3PO(OCH3)2
AND ISOTOPICALLY SUBSTITUTED DERIVATIVES. Phosphorus and Sulfur and
the Related Elements 1981, 10, 357–367.
[5] Meyrick, C. I.; Thompson, H. W. 53. Vibrational spectra of alkyl esters of phosphorus
oxy-acids. J. Chem. Soc. 1950, 225–229.
[6] Maarsen, J. W.; Smit, M. C.; Matze, J. The Raman and infra-red spectra of some
compounds (iH7C3O)2PXO. Recueil des Travaux Chimiques des Pays-Bas 1957, 76,
713–723.
[7] Carrington, A. Electron-spin resonance spectra of aromatic radicals and radical-ions.
Quarterly reviews. Chemical Society 1963, 17.
[8] Cao, M.; Li, Y.; Chu, G.; Chen, J.; Shan, X.; Liu, F.; Wang, Z.; Sheng, L. VUV photoionization and dissociation of o-nitrotoluene: Experimental and theoretical insights.
Journal of Electron Spectroscopy and Related Phenomena 2013, 191, 41 – 47.

BIBLIOGRAPHY

68

[9] Shao, J.-D.; Baer, T. The dissociation dynamics of energy selected o-nitrotoluene ions.
International Journal of Mass Spectrometry and Ion Processes 1988, 86, 357 – 367.
[10] Fang, W.; Gong, L.; Shan, X.; Liu, F.; Wang, Z.; Sheng, L. Thermal Desorption/Tunable Vacuum–Ultraviolet Time-of-Flight Photoionization Aerosol Mass Spectrometry for Investigating Secondary Organic Aerosols in Chamber Experiments. Analytical Chemistry 2011, 83, 9024–9032.
[11] M. D. Bowden, S. L. K. R. C. D., M. Cheeseman Laser initiation of energetic materials:
a historical overview. Proc.SPIE 2007, 6662, 6662 – 6662 – 12.
[12] Kosmidis, C.; Marshall, A.; Clark, A.; Deas, R. M.; Ledingham, K. W. D.; Singhal, R. P.; Harris, F. M. Multiphoton ionization and dissociation of nitrotoluene isomers by UV laser light. Rapid Communications in Mass Spectrometry 8, 607–614.
[13] Kosmidis, C.; Ledingham, K. W. D.; Kilic, H. S.; McCanny, T.; Singhal, R. P.; Langley, A. J.; Shaikh, W. On the Fragmentation of Nitrobenzene and Nitrotoluenes Induced by a Femtosecond Laser at 375 nm. The Journal of Physical Chemistry A 1997,
101, 2264–2270.
[14] Liu, A.; Sauer, M. C.; Loffredo, D. M.; Trifunac, A. D. Transient absorption spectra
of aromatic radical cations in hydrocarbon solutions. Journal of photochemistry and
photobiology. A, Chemistry. 1992, 67, 197–208.
[15] Baumert, T.; Engel, V.; Röttgermann, C.; Strunz, W.; Gerber, G. Femtosecond PumpProbe Study of the Spreading and Recurrence of a Vibrational Wave Packet in Na2.
Chem. Phys. Lett. 1992, 191, 639 – 644.
[16] Assion, A.; Geisler, M.; Helbing, J.; Seyfried, V.; Baumert, T. Femtosecond PumpProbe Photoelectron Spectroscopy: Mapping of Vibrational Wave-Packet Motion.
Phys. Rev. A 1996, 54, R4605–R4608.
[17] Ho, J.-W.; Chen, W.-K.; Cheng, P.-Y. Femtosecond Pump-Probe PhotoionizationPhotofragmentation Spectroscopy: Photoionization-Induced Twisting and Coherent
Vibrational Motion of Azobenzene Cation. J. Chem. Phys. 2009, 131, 134308.

BIBLIOGRAPHY

69

[18] Matsika, S.; Zhou, C.; Kotur, M.; Weinacht, T. C. Combining dissociative ionization
pump-probe spectroscopy and ab initio calculations to interpret dynamics and control
through conical intersections. Faraday Discuss. 2011, 153, 247–260.
[19] Roberts, G. M.; Marroux, H. J. B.; Grubb, M. P.; Ashfold, M. N. R.; Orr-Ewing, A. J.
On the Participation of Photoinduced N–H Bond Fission in Aqueous Adenine at 266
and 220 nm: A Combined Ultrafast Transient Electronic and Vibrational Absorption
Spectroscopy Study. J. Phys. Chem. A 2014, 118, 11211–11225.
[20] Roberts, G. M.; Stavros, V. G. The role of [small pi][sigma]* states in the photochemistry of heteroaromatic biomolecules and their subunits: insights from gas-phase
femtosecond spectroscopy. Chem. Sci. 2014, 5, 1698–1722.
[21] Nelson, T.; Bjorgaard, J.; Greenfield, M.; Bolme, C.; Brown, K.; Mcgrane, S.;
Scharff, R. J.; Tretiak, S. Ultrafast Photodissociation Dynamics of Nitromethane. The
Journal of Physical Chemistry. A 2016, 120, 519.
[22] Nguyen, M.; Le, H.; Hajgato, B.; Veszpremi, T.; Lin, M. Nitromethane-methyl nitrite
rearrangement: A persistent discrepancy between theory and experiment. Journal Of
Physical Chemistry A 2003, 107, 4286–4291.
[23] Lin, M.-F.; Lee, Y. T.; Ni, C.-K.; Xu, S.; Lin, M. C. Photodissociation dynamics of
nitrobenzene and o-nitrotoluene. The Journal of Chemical Physics 2007, 126, 064310.
[24] Norberg, D. Quantum Chemical Studies of Radical Cation Rearrangement, Radical
Carbonylation, and Homolytic Substitution Reactions. Ph.D. thesis, 2007.
[25] Wang, B.; Wright, D.; Cliffel, D.; Haglund, R.; Pantelides, S. T. Ionization-Enhanced
Decomposition of 2,4,6-Trinitrotoluene (TNT) Molecules. The Journal of Physical
Chemistry A 2011, 115, 8142–8146.
[26] Sikder, A.; Sikder, N. A review of advanced high performance, insensitive and thermally stable energetic materials emerging for military and space applications. Journal
of Hazardous Materials 2004, 112, 1 – 15.
[27] Wharton, R.; Formby, S.; Merrifield, R. Airblast TNT equivalence for a range of commercial blasting explosives. Journal of Hazardous Materials 2000, 79, 31 – 39.

BIBLIOGRAPHY

70

[28] Cohen, R.; Zeiri, Y.; Wurzberg, E.; Kosloff, R. Mechanism of Thermal Unimolecular
Decomposition of TNT (2,4,6-Trinitrotoluene): A DFT Study. The Journal of Physical
Chemistry A 2007, 111, 11074–11083.
[29] Nikolaeva, E. V.; Chachkov, D. V.; Shamov, A. G.; Khrapkovskii, G. M. Alternative
mechanisms of thermal decomposition of o-nitrotoluene in the gas phase. Russian
chemical bulletin 2018, 67, 274–281.
[30] Chen, S. C.; Xu, S. C.; Diau, E.; Lin, M. C. A Computational Study on the Kinetics
and Mechanism for the Unimolecular Decomposition of o-Nitrotoluene. The Journal
of Physical Chemistry A 2006, 110, 10130–10134.
[31] Castle, K. J.; Abbott, J. E.; Peng, X.; Kong, W. Photodissociation of o-Nitrotoluene between 220 and 250 nm in a Uniform Electric Field. The Journal of Physical Chemistry
A 2000, 104, 10419–10425.
[32] Choe, J. C.; Kim, M. S. Photodissociation kinetics of the p-nitrotoluene molecular ion
on a nanosecond time scale. The Journal of Physical Chemistry 1991, 95, 50–56.
[33] Xu, G.; Herman, J. A.; Harrison, A. G. Detection of nitrotoluene isomers by ion
cyclotron resonance mass spectrometry using ion/molecule reactions with NO+ as
reagent. Rapid Communications in Mass Spectrometry 1992, 6, 425–428.
[34] Yuan, B.; Eilers, H. Initial mechanisms for the dissociation of carbon from
electronically-excited nitrotoluene molecules. AIP Advances 2017, 7, 125120.
[35] SenGupta, S.; Upadhyaya, H. P.; Kumar, A.; Dhanya, S.; Naik, P. D.; Bajaj, P. Photodissociation dynamics of nitrotoluene at 193 and 248nm: Direct observation of OH
formation. Chemical Physics Letters 2008, 452, 239 – 244.
[36] Simeonsson, J. B.; Lemire, G. W.; Sausa, R. C. Trace Detection of Nitrocompounds by
ArF Laser Photofragmentation/Ionization Spectrometry. Applied Spectroscopy 1993,
47, 1907–1912.
[37] Zhang, C.; Chen, M.; Wang, G.; Wang, X.; Zhou, M. Photo-induced isomerization
of three nitrotoluene isomers: A matrix-isolation infrared spectroscopic and quantumchemical study. Chemical Physics 2012, 392, 198 – 204.

BIBLIOGRAPHY

71

[38] Zhang, Q.; Fang, W.; Xie, Y.; Cao, M.; Zhao, Y.; Shan, X.; Liu, F.; Wang, Z.; Sheng, L.
Photoionization and dissociation study of p-nitrotoluene: Experimental and theoretical
insights. Journal of Molecular Structure 2012, 1020, 105 – 111.
[39] Khrapkovskii, G.; Nikolaeva, E.; Chachkov, D.; Shamov, A. Theoretical study of the
mechanism of the nitro-nitrite rearrangement and its role in gas-phase monomolecular
decomposition of C-nitro compounds. Russian Journal Of General Chemistry 2004,
74, 908–920.
[40] Roszak, S.;

Kaufman, J. J. Ab initio multiple reference double-excitation

configuration-interaction ground and excited state potential curves for nitromethane
decomposition. The Journal of Chemical Physics 1991, 94, 6030–6035.
[41] Arenas, J. F.; Otero, J. C.; Peláez, D.; Soto, J. The ground and excited state potential
energy surfaces of nitromethane related to its dissociation dynamics after excitation at
193 nm. The Journal of Chemical Physics 2003, 119, 7814–7823.
[42] Mckee, M. L. Isomerization of the nitromethane and methyl nitrite radical cations. A
theoretical study. The Journal of Physical Chemistry 1986, 90, 2335–2340.
[43] Tsyshevsky, R.; Nguen Van, B.; Shamov, A.; Khrapovskii, G. Study of geometry and
electronic structure of molecules, cation-radicals, and anion-radicals of nitromethane,
dimethylnitramine, and ethyl nitrate. Russian Journal of General Chemistry 2013, 83,
1823–1839.
[44] Zhu, R.; Lin, M. CH 3NO 2 decomposition/isomerization mechanism and product
branching ratios: An ab initio chemical kinetic study. Chemical Physics Letters 2009,
478, 11–16.
[45] Riad Manaa, M.; Reed, E. J.; Fried, L. E.; Galli, G.; Gygi, F. Early chemistry in hot
and dense nitromethane: Molecular dynamics simulations. J. Chem. Phys. 2004, 120,
10146–10153.
[46] Brown, K. E.; McGrane, S. D.; Bolme, C. A.; Moore, D. S. Ultrafast Chemical Reactions in Shocked Nitromethane Probed with Dynamic Ellipsometry and Transient
Absorption Spectroscopy. J. Phys. Chem. A 2014, 118, 2559–2567.

BIBLIOGRAPHY

72

[47] Tokmakoff, A.; Fayer, M. D.; Dlott, D. D. Chemical reaction initiation and hot-spot
formation in shocked energetic molecular materials. J. Phys. Chem. 1993, 97, 1901–
1913.
[48] Dlott, D. D. In Energetic Materials; Politzer, P., Murray, J. S., Eds.; Theoretical and
Computational Chemistry Supplement C; Elsevier, 2003; Vol. 13; pp 125 – 191.
[49] Kandel, R. J. Appearance Potential Studies. II. Nitromethane. The Journal of Chemical
Physics 1955, 23, 84–87.
[50] Niwa, Y.; Tajima, S.; Tsuchiya, T. Fragramention of energy-selected nitromethane
ions. International Journal of Mass Spectrometry and Ion Physics 1981, 40, 287 –
293.
[51] Ogden, I.; Shaw, N.; Danby, C.; Powis, I. Completing dissociation channels of nitromethane and methyl nitrite ions and the role of electronic and internal modes of
excitation. Int. J. Mass Spectrom. Ion Process. 1983, 54, 41 – 53.
[52] Gilman, J. P.; Hsieh, T.; Meisels, G. G. Competition between isomerization and fragmentation of gaseous ions. II. Nitromethane and methylnitrite ions. The Journal of
Chemical Physics 1983, 78, 1174–1179.
[53] Lifshitz, C.; Rejwan, M.; Levin, I.; Peres, T. Unimolecular fragmentations of the
nitromethane cation. International Journal of Mass Spectrometry and Ion Processes
1988, 84, 271 – 282.
[54] Butler, L. J.; Krajnovich, D.; Lee, Y. T.; Ondrey, G. S.; Bersohn, R. The photodissociation of nitromethane at 193 nm. The Journal of Chemical Physics 1983, 79, 1708–
1722.
[55] Qian, K.; Shukla, A.; Futrell, J. Electronic excitation in low-energy collisions: a study
of the collision-induced dissociation of nitromethane ion by crossed-beam tandem
mass spectrometry. Journal of the American Chemical Society 1991, 113, 7121–7129.
[56] Jiao, C. Q.; DeJoseph, C. A.; Garscadden, A. Formation of Positive and Negative Ions
in CH3NO2. The Journal of Physical Chemistry A 2003, 107, 9040–9044.

BIBLIOGRAPHY

73

[57] Ledingham, K. W. D.; Deas, R. M.; Marshall, A.; McCanny, T.; Singhal, R. P.;
Kilic, H. S.; Kosmidis, C.; Langley, A. J.; Shaikh, W. A comparison of femtosecond
and nanosecond multiphoton ionization and dissociation for some nitro-molecules.
Rapid Communications in Mass Spectrometry 1995, 9, 1522–1527.
[58] Kilic, H. S.; Ledingham, K. W. D.; Kosmidis, C.; McCanny, T.; Singhal, R. P.;
Wang, S. L.; Smith, D. J.; Langley, A. J.; Shaikh, W. Multiphoton Ionization and
Dissociation of Nitromethane Using Femtosecond Laser Pulses at 375 and 750 nm. J.
Phys. Chem. A 1997, 101, 817–823.
[59] Ferrier, B.; Boulanger, A.-M.; Holland, D. M.; Shaw, D. A.; Mayer, P. M. Nitro–
Nitrite Isomerization and Transition State Switching in the Dissociation of Ionized Nitromethane: A Threshold Photoelectron–Photoion Coincidence Spectroscopy Study.
European Journal of Mass Spectrometry 2009, 15, 157–166.
[60] McKee, M. L. Isomerization of the nitromethane and methyl nitrite radical cations. A
theoretical study. The Journal of Physical Chemistry 1986, 90, 2335–2340.
[61] Tsyshevsky, R. V.; Nguen Van, B.; Shamov, A. G.; Khrapovskii, G. M. Study of geometry and electronic structure of molecules, cation-radicals, and anion-radicals of
nitromethane, dimethylnitramine, and ethyl nitrate. Russian Journal of General Chemistry 2013, 83, 1823–1839.
[62] Gutsev, G. L.; McPherson, S. L.; López Peña, H. A.; Boateng, D. A.; Gutsev, L. G.;
Ramachandran, B. R.; Tibbetts, K. M. Dissociation of Singly and Multiply Charged
Nitromethane Cations: Femtosecond Laser Mass Spectrometry and Theoretical Modeling. The Journal of Physical Chemistry A 2020, 124, 7427–7438, PMID: 32841027.
[63] Sevilla, M. D.; Becker, D.; Kumar, A.; Adhikary, A. Gamma and ion-beam irradiation of DNA: Free radical mechanisms, electron effects, and radiation chemical track
structure. Radiat. Phys. Chem. 2016, 128, 60 – 74.
[64] McLafferty, F. W. Mass Spectrometric Analysis. Molecular Rearrangements. Analytical Chemistry 1959, 31, 82–87.

BIBLIOGRAPHY

74

[65] Kingston, D. G. I.; Bursey, J. T.; Bursey, M. M. Intramolecular hydrogen transfer in
mass spectra. II. McLafferty rearrangement and related reactions. Chemical Reviews
1974, 74, 215–242.
[66] Harding, M. Large-scale coupled-cluster calculations. Ph.D. thesis, Citeseer, 2008.
[67] Jensen, a., Frank Introduction to computational chemistry, third edition.. ed.; 2017.
[68] Szabo, A.; Ostlund, N. S. Modern Quantum Chemistry: Introduction to Advanced
Electronic Structure Theory; Dover Publications, Inc., 1996.
[69] Bartlett, R. J.; Musiał, M. Coupled-cluster theory in quantum chemistry. Reviews of
modern physics 2007, 79, 291–352.
[70] Crawford, T. D.; Schaefer, H. F. Reviews in Computational Chemistry; John Wiley
Sons, Inc: Hoboken, NJ, USA, 2000; pp 33–136.
[71] Krylov, A. I. Equation-of-Motion Coupled-Cluster Methods for Open-Shell and Electronically Excited Species: The Hitchhiker’s Guide to Fock Space. 2008, 59, 433–462.
[72] Akimov, A. V.; Prezhdo, O. V. Large-Scale Computations in Chemistry: A Bird’s Eye
View of a Vibrant Field. Chemical reviews 2015, 115, 5797.
[73] Peng, Q.; Duarte, F.; Paton, R. S. Computing organic stereoselectivity–from concepts to quantitative calculations and predictions. Chemical Society Reviews 2016, 45,
6093–6107.
[74] Shao, Y. et al. Advances in molecular quantum chemistry contained in the Q-Chem 4
program package. Molecular Physics 2015, 113, 184–215.
[75] Hirata, S.; Head-Gordon, M. Time-dependent density functional theory within the
Tamm–Dancoff approximation. Chemical physics letters 1999, 314, 291–299.
[76] Bauernschmitt, R.; Ahlrichs, R. Treatment of electronic excitations within the adiabatic approximation of time dependent density functional theory. Chemical Physics
Letters 1996, 256, 454–464.
[77] Sepler, B. Introduction to Computational Quantum Chemistry.
[78] Sherrill, C. D. Basis Sets in Quantum Chemistry.

BIBLIOGRAPHY

75

[79] Montgomery, J. A.; Frisch, M. J.; Ochterski, J. W.; Petersson, G. A. A complete basis
set model chemistry. VI. Use of density functional geometries and frequencies. The
Journal of chemical physics 1999, 110, 2822–2827.
[80] Pritchard, B. P.; Altarawy, D.; Didier, B.; Gibson, T. D.; Windus, T. L. New Basis Set
Exchange: An Open, Up-to-Date Resource for the Molecular Sciences Community.
Journal of chemical information and modeling 2019, 59, 4814–4820.
[81] Gutsev, G. L.; Ampadu Boateng, D.; Jena, P.; Tibbetts, K. M. A Theoretical and Mass
Spectrometry Study of Dimethyl Methylphosphonate: New Isomers and Cation Decay
Channels in an Intense Femtosecond Laser Field. J. Phys. Chem. A 2017, 121, 8414–
8424.
[82] Ampadu Boateng, D.; Gutsev, G. L.; Jena, P.; Tibbetts, K. M. Ultrafast coherent vibrational dynamics in dimethyl methylphosphonate radical cation. Phys. Chem. Chem.
Phys. 2018, 20, 4636–4640.
[83] Ampadu Boateng, D.; Gutsev, G. L.; Jena, P.; Tibbetts, K. M. Dissociation dynamics
of 3- and 4-nitrotoluene radical cations: Coherently driven C–NO2 bond homolysis.
The Journal of Chemical Physics 2018, 148, 134305.
[84] Ampadu Boateng, D.; Tibbetts, K. M. Measurement of Ultrafast Vibrational Coherences in Polyatomic Radical Cations with Strong-Field Adiabatic Ionization. JoVE
2018, 138, e58263.
[85] Kane, D. J.; Trebino, R. Characterization of Arbitrary Femtosecond Pulses Using
Frequency-Resolved Optical Gating. IEEE J. Quant. Electron. 1993, 29, 571–579.
[86] Schmierer, T.; Laimgruber, S.; Haiser, K.; Kiewisch, K.; Neugebauer, J.; Gilch, P.
Femtosecond spectroscopy on the photochemistry of ortho-nitrotoluene. Phys. Chem.
Chem. Phys. 2010, 12, 15653–15664.
[87] Weickhardt, C.; Tönnies, K. Short pulse laser mass spectrometry of nitrotoluenes:
ionization and fragmentation behavior. Rapid Communications in Mass Spectrometry
2002, 16, 442–446.

BIBLIOGRAPHY

76

[88] Lezius, M.; Blanchet, V.; Rayner, D. M.; Villeneuve, D. M.; Stolow, A.; Ivanov, M. Y.
Nonadiabatic Multielectron Dynamics in Strong Field Molecular Ionization. Phys.
Rev. Lett. 2001, 86, 51–54.
[89] Lezius, M.; Blanchet, V.; Ivanov, M. Y.; Stolow, A. Polyatomic Molecules in Strong
Laser Fields: Nonadiabatic Multielectron Dynamics. J. Chem. Phys. 2002, 117, 1575–
1588.
[90] Munkerup, K.; Romanov, D.; Bohinski, T.; Stephansen, A. B.; Levis, R. J.;
Sølling, T. I. Conserving Coherence and Storing Energy during Internal Conversion:
Photoinduced Dynamics of cis- and trans-Azobenzene Radical Cations. J. Phys. Chem.
A 2017, 121, 8642–8651.
[91] Tibbetts, K. M.; Tarazkar, M.; Bohinski, T.; Romanov, D. A.; Matsika, S.; Levis, R. J.
Controlling the Dissociation Dynamics of Acetophenone Radical Cation Through Excitation of Ground and Excited State Wavepackets. J. Phys. B: At. Opt. Mol. Phys.
2015, 48, 164002.
[92] Bohinski, T.; Tibbetts, K. M.; Tarazkar, M.; Romanov, D. A.; Matsika, S.; Levis, R. J.
Strong Field Adiabatic Ionization Prepares a Launch State for Coherent Control. J.
Phys. Chem. Lett. 2014, 5, 4305–4309.
[93] Beynon, J. H.; Saunders, R. A.; Topham, A.; Williams, A. E. The Dissociation of
o-Nitrotoluene Under Electron Impact. J. Chem. Soc. 1965, 0, 6403–6405.
[94] Pearson, B.; Nichols, S.; Weinacht, T. Molecular Fragmentation Driven by Ultrafast
Dynamic Ionic Resonances. J. Chem. Phys. 2007, 127, 131101.
[95] Nichols, S.; Weinacht, T.; Rozgonyi, T.; Pearson, B. Strong-Field Phase-Dependent
Molecular Dissociation. Phys. Rev. A 2009, 79, 043407.
[96] Gonzalez-Vazquez, J.; Gonzalez, L.; Nichols, S.; Weinacht, T. Exploring Wavepacket
Dynamics behind Strong-Field Momentum-Dependent Photodissociation in CH2BrI+.
Phys. Chem. Chem. Phys. 2010, 12, 14203–14216.
[97] Geißler, D.; Marquetand, P.; González-Vázquez, J.; González, L.; Rozgonyi, T.;
Weinacht, T. Control of Nuclear Dynamics with Strong Ultrashort Laser Pulses. J.
Phys. Chem. A 2012, 116, 11434–11440.

BIBLIOGRAPHY

77

[98] Zhu, X.; Lozovoy, V.; Shah, J.; Dantus, M. Photodissociation Dynamics of Acetophenone and Its Derivatives with Intense Nonresonant Femtosecond Pulses. J. Phys.
Chem. A 2011, 115, 1305–1312.
[99] Konar, A.; Shu, I.; Lozovoy, V. V.; Jackson, J. E.; Levine, B. G.; Dantus, M. Polyatomic Molecules under Intense Femtosecond Laser Irradiation. J. Phys. Chem. A
2014, 118, 11433–11450.
[100] Sekimoto, K.; Inomata, S.; Tanimoto, H.; Fushimi, A.; Fujitani, Y.; Sato, K.; Yamada, H. Characterization of nitromethane emission from automotive exhaust. Atmospheric Environment 2013, 81, 523 – 531.
[101] Zhang, Q.; Li, W.; Lin, D.-C.; He, N.; Duan, Y. Influence of nitromethane concentration on ignition energy and explosion parameters in gaseous nitromethane/air mixtures. Journal of Hazardous Materials 2011, 185, 756 – 762.
[102] Shrestha, K. P.; Vin, N.; Herbinet, O.; Seidel, L.; Battin-Leclerc, F.; Zeuch, T.;
Mauss, F. Insights into nitromethane combustion from detailed kinetic modeling –
Pyrolysis experiments in jet-stirred and flow reactors. Fuel 2020, 261, 116349.
[103] Kelzenberg, S.; Eisenreich, N.; Eckl, W.; Weiser, V. Modelling Nitromethane Combustion. Propellants, Explosives, Pyrotechnics 1999, 24, 189–194.
[104] Idar, D. I.; Asay, B. W.; Ferm, E. N. Improved Characterization of Nitromethane,
Nitromethane Mixtures, and Shaped-Charge Jet Properties. Propellants, Explosives,
Pyrotechnics 1999, 24, 1–6.
[105] Reed, E. J.; Manaa, M. R.; Fried, L. E.; Glaesemann, K. R.; Joannopoulos, J. D. A
transient semimetallic layer in detonating nitromethane. Nature Physics 2007, 4, 72.
[106] Idar, D. J.; Asay, B. W.; Ferm, E. N. Hypervelocity Jet Initiation Threshold Criteria
of Nitromethane and Nitromethane Mixtures. Propellants, Explosives, Pyrotechnics
1999, 24, 7–16.
[107] Bouyer, V.; Darbord, I.; Hervé, P.; Baudin, G.; Gallic, C. L.; Clément, F.; Chavent, G.
Shock-to-detonation transition of nitromethane: Time-resolved emission spectroscopy
measurements. Combustion and Flame 2006, 144, 139 – 150.

BIBLIOGRAPHY

78

[108] Pellouchoud, L. A.; Reed, E. J. Optical Characterization of Chemistry in Shocked Nitromethane with Time-Dependent Density Functional Theory. J. Phys. Chem. A 2013,
117, 12288–12298.
[109] Góbi, S.; Crandall, P. B.; Maksyutenko, P.; Förstel, M.; Kaiser, R. I. Accessing the
Nitromethane (CH3NO2) Potential Energy Surface in Methanol (CH3OH)–Nitrogen
Monoxide (NO) Ices Exposed to Ionizing Radiation: An FTIR and PI-ReTOF-MS
Investigation. J. Phys. Chem. A 2018, 122, 2329–2343.
[110] Dey, A.; Fernando, R.; Abeysekera, C.; Homayoon, Z.; Bowman, J. M.; Suits, A. G.
Photodissociation dynamics of nitromethane and methyl nitrite by infrared multiphoton dissociation imaging with quasiclassical trajectory calculations: Signatures of the
roaming pathway. The Journal of Chemical Physics 2014, 140, 054305.
[111] Kaiser, R. I.; Maksyutenko, P. Novel Reaction Mechanisms Pathways in the Electron Induced Decomposition of Solid Nitromethane (CH3NO2) and D3-Nitromethane
(CD3NO2). The Journal of Physical Chemistry C 2015, 119, 14653–14668.
[112] Schoen, P.; Marrone, M.; Schnur, J.; Goldberg, L. Picosecond UV photolysis and laserinduced fluorescence probing of gas-phase nitromethane. Chemical Physics Letters
1982, 90, 272 – 276.
[113] Guo, Y. Q.; Bhattacharya, A.; Bernstein, E. R. Photodissociation Dynamics of Nitromethane at 226 and 271 nm at Both Nanosecond and Femtosecond Time Scales. J.
Phys. Chem. A 2009, 113, 85–96.
[114] Wodtke, A. M.; Hintsa, E. J.; Lee, Y. T. The observation of CH3O in the collision
free multiphoton dissociation of CH3NO2. The Journal of Chemical Physics 1986,
84, 1044–1045.
[115] Arenas, J. F.; Otero, J. C.; Peláez, D.; Soto, J. Role of surface crossings in the photochemistry of nitromethane. The Journal of Chemical Physics 2005, 122, 084324.
[116] Homayoon, Z.; Bowman, J. M. Quasiclassical Trajectory Study of CH3NO2 Decomposition via Roaming Mediated Isomerization Using a Global Potential Energy Surface. The Journal of Physical Chemistry A 2013, 117, 11665–11672.

BIBLIOGRAPHY

79

[117] Zhu, R. S.; Raghunath, P.; Lin, M. C. Effect of roaming transition states upon product
branching in the thermal decomposition of CH3NO2. The journal of physical chemistry. A 2013, 117, 7308.
[118] Isegawa, M.; Liu, F.; Maeda, S.; Morokuma, K. Ab initio reaction pathways for photodissociation and isomerization of nitromethane on four singlet potential energy surfaces with three roaming paths. The Journal of Chemical Physics 2014, 140, 244310.
[119] Bowman, J. M. Roaming. Molecular Physics 2014, 112, 2516–2528.
[120] Rabalais, J. W. Photoelectron Spectroscopic Investigation of the Electronic Structure
of Nitromethane and Nitrobenzene. The Journal of Chemical Physics 1972, 57, 960–
967.
[121] Adachi, S.; Kohguchi, H.; Suzuki, T. Unravelling the Electronic State of NO2 Product
in Ultrafast Photodissociation of Nitromethane. The Journal of Physical Chemistry
Letters 2018, 9, 270–273.
[122] Bolton, K.; Hase, W. L.; Peslherbe, G. H. Modern Methods for Multidimensional Dynamics Computations in Chemistry; pp 143–189.
[123] Adhikary, A.; Becker, D.; Palmer, B. J.; Heizer, A. N.; Sevilla, M. D. Direct Formation of the C5’-Radical in the Sugar–Phosphate Backbone of DNA by High-Energy
Radiation. J. Phys. Chem. B 2012, 116, 5900–5906.
[124] Ma, J.; Marignier, J.-L.; Pernot, P.; Houee-Levin, C.; Kumar, A.; Sevilla, M. D.; Adhikary, A.; Mostafavi, M. Direct observation of the oxidation of DNA bases by phosphate radicals formed under radiation: a model of the backbone-to-base hole transfer.
Phys. Chem. Chem. Phys. 2018, 20, 14927–14937.
[125] Ma, J.; Denisov, S. A.; Marignier, J.-L.; Pernot, P.; Adhikary, A.; Seki, S.;
Mostafavi, M. Ultrafast Electron Attachment and Hole Transfer Following Ionizing
Radiation of Aqueous Uridine Monophosphate. J. Phys. Chem. Lett. 2018, 9, 5105–
5109.
[126] Cadet, J.; Douki, T.; Ravanat, J.-L. Measurement of oxidatively generated base damage in cellular DNA. Mutation Research/Fundamental and Molecular Mechanisms of
Mutagenesis 2011, 711, 3 – 12.

BIBLIOGRAPHY

80

[127] Zewail, A. H. Femtochemistry: Atomic-Scale Dynamics of the Chemical Bond. The
Journal of Physical Chemistry A 2000, 104, 5660–5694.
[128] Geißler, D.; Rozgonyi, T.; Gonzalez-Vazquez, J.; Gonzalez, L.; Nichols, S.;
Weinacht, T. Creation of Multihole Molecular Wave Packets via Strong-Field Ionization. Phys. Rev. A 2010, 82, 011402(R).
[129] Brogaard, R. Y.; Møller, K. B.; Sølling, T. I. Real-Time Probing of Structural Dynamics by Interaction between Chromophores. J. Phys. Chem. A 2011, 115, 12120–12125.
[130] Ampadu Boateng, D.; Word, M. D.; Gutsev, L. G.; Jena, P.; Tibbetts, K. M. Conserved Vibrational Coherence in the Ultrafast Rearrangement of 2-Nitrotoluene Radical Cation. J. Phys. Chem. A 2019, in press. DOI: 10.1021/acs.jpca.8b11723.
[131] Stavros, V. G.; Verlet, J. R. Gas-Phase Femtosecond Particle Spectroscopy: A BottomUp Approach to Nucleotide Dynamics. Annu. Rev. Phys. Chem. 2016, 67, 211–232.
[132] Horsman, G. P.; Zechel, D. L. Phosphonate Biochemistry. Chemical Reviews 2017,
117, 5704–5783.
[133] Bafus, D. A.; Gallegos, E. J.; Kiser, R. W. An Electron Impact Investigation of Some
Alkyl Phosphate Esters. J. Phys. Chem. 1966, 70, 2614–2619.
[134] Sass, S.; Fisher, T. L. Chemical ionization and electron impact mass spectrometry
of some organophosphonate compounds. Organic Mass Spectrometry 1979, 14, 257–
264.
[135] Holtzclaw, J. R.; Wyatt, J. R.; Campana, J. E. Structure and Fragmentation of Dimethyl
Methylphosphonate and Trimethyl Phosphite. Organic Mass Spectrometry 1985, 20,
90–97.
[136] Holtzclaw, J. R.; Wyatt, J. R. Keto-to-Enol Isomerization in the Molecular Ion of
Dimethylmethylphosphonate. Organic Mass Spectrometry 1988, 23, 261–266.
[137] Zeller, L.; Farrell, J.; Kenttamaa, H. I.; Vainiotalo, P. Long-lived radical cations of
simple organophosphates isomerize spontaneously to distonic structures in the gas
phase. Journal of the American Chemical Society 1992, 114, 1205–1214.

BIBLIOGRAPHY

81

[138] Bell, A.; Despeyroux, D.; Murrell, J.; Watts, P. Fragmentation and reactions of
organophosphate ions produced by electrospray ionization. International Journal of
Mass Spectrometry and Ion Processes 1997, 165-166, 533 – 550.
[139] Groenewold, G. S.; Scott, J. R.; Lee, E. D.; Lammert, S. A. Rapid analysis of
organophosphonate compounds recovered from vinyl floor tile using vacuum extraction coupled with a fast-duty cycle GC/MS. Anal. Methods 2013, 5, 2227–2236.
[140] Liang, S.; Hemberger, P.; Neisius, N. M.; Bodi, A.; Grützmacher, H.; LevaloisGrützmacher, J.; Gaan, S. Elucidating the Thermal Decomposition of Dimethyl
Methylphosphonate by Vacuum Ultraviolet (VUV) Photoionization: Pathways to the
PO Radical, a Key Species in Flame-Retardant Mechanisms. Chem. Eur. J. 2015, 21,
1073–1080.
[141] Cuisset, A.; Mouret, G.; Pirali, O.; Roy, P.; Cazier, F.; Nouali, H.; Demaison, J. GasPhase Vibrational Spectroscopy and Ab Initio Study of Organophosphorous Compounds: Discrimination between Species and Conformers. J. Phys. Chem. B 2008,
112, 12516–12525.
[142] http://webbook.nist.gov/chemistry/. Last checked 12/15/18.
[143] Mott, A. J.; Rez, P. Calculated infrared spectra of nerve agents and simulants. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 2012, 91, 256 –
260.
[144] Hameka, H. F.; Carrieri, A. H.; Jensen, J. O. CALCULATIONS OF THE
STRUCTURE AND THE VIBRATIONAL INFRARED FREQUENCIES OF SOME
METHYLPHOSPHONATES. Phosphorus, Sulfur, and Silicon and the Related Elements 1992, 66, 1–11.

